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(54) Electron-emitting device and production method thereof 



(57) An electron-emitting device disclosed has sta- 
ble electron emission characteristics with little variation, 
in high electron emission efficiency, in high definition, 
and at low driving voltage. The electron-emitting device 
disclosed is constructed in such structure that on a sub- 
strate 1 there are a lower electrode 2, an insulating layer 
3 having pores 5, and an upper electrode 4 stacked in 
this order, the insulating layer 3 is an anodic oxide layer, 
and a carbon deposit is formed in the pores 5. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to an electron- 
emitting device and a production method thereof and, 
more particularly, to an electron-emitting device having 
a lower electrode, an insulating layer having pores, and 
an upper electrode stacked in this order on a substrate, 
and a method for producing the electron-emitting 
device. 

Related Background Art 

[0002] The conventionally known electron-emitting 
devices are generally classified under two kinds, thermi- 
onic emission devices and cold cathode emission 
devices. The cold cathode emission devices include 
field emission type (FE type) devices, metal/insula- 
tor/metal type (MIN type) devices, surface conduction 
electron-emitting devices, and so on. 
[0003] The FE type devices are disclosed, for exam- 
ple, in W. R Dyke & W. W. Dolan, "Field emission," 
Advance in Electron Physics, 8. 89 (1956) or in C. A. 
Spindt, "PHYSICAL Properties of thin-film field emis- 
sion cathodes with molybdenum cones," J. Appl. Phys., 
47, 5248 (1976). 

[0004] The tip of an electron-emitting body of the field 
emission type electron-emitting devices is one called a 
cone having the three-dimensionally sharp-pointed 
shape and an electron beam is emitted from the tip of 
the cone by placing a strong electric field between a 
gate electrode with an aperture, disposed above the 
cone, and an electron-emitting region. 
[0005] In order to overcome the problem in the pro- 
duction method of the above field emission devices, 
which is the need for complicated steps and expensive 
apparatus for forming a recessed portion for formation 
of the electron-emitting region, Japanese Laid-open 
Patent Applications No. 5-198252 and No. 5-211029 
describe examples in which holes of an anodic oxide 
film of aluminum are used as apertures of the gate elec- 
trode and in which electron-emitting regions are formed 
in the holes of the anodic oxide film. These conventional 
examples will be described referring to Figs. 32 and 33. 
[0006] Fig. 32 is a sectional view of the electron-emit- 
ting device in Japanese Laid-open Patent Application 
No. 5-198252. Fig. 33 is a sectional view of the electron- 
emitting device in Japanese Laid-open Patent Applica- 
tion No. 5-211029. In Fig. 32, reference numeral 161 
designates an insulating substrate, 162 an electrocon- 
ductive layer, 163 an insulating film, 164 through holes, 
165 the gate electrode, and 166 cathodes. The insulat- 
ing film 163 is the anodic oxide film of aluminum and the 
tip of the cathodes 166 is of the cone shape similar to 
that of the electron-emitting body of the field emission 



devices. In Fig. 33, reference numeral 171 designates a 
metal layer, 172 the Al anodic oxide film, 172a micropo- 
res, and 173 cylindrical electrodes. The application 
describes that in Fig. 33 the distance can be made con- 
5 stant between the cylindrical electrodes 173 and the 
gate electrode or between the needlelike electrodes 
and the anode electrode, so as to make electron emis- 
sion efficiency constant. 

[0007] The MIM type devices are disclosed, for exam- 

to pie, in C. A. Mead. "Operation of Tunnel-Emission 
Devices," J. Appl. Phys., 32, 646 (1961). 
[0008] Recent researches on the MIM type are seen 
in Toshiaki Kusunoki, "Fluctuation-free electron emis- 
sion from non-formed metal-insulator-metal (MIM) cath- 

15 odes fabricated by low current anodic oxidation," Jpn. J. 
Appl. Phys. vol. 32 (1993) pp L1695, Mutsumi Suzuki et 
al., "An MIM cathode array for cathode luminescent dis- 
plays," IDW '96 (1996) p529, and so on. 
[0009] An MIM type electron-emitting device accord- 

20 ing to Kusunoki or Suzuki et al. described above will be 
described referring to Fig. 34. Fig. 34 is a schematic 
sectional view of the MIM type electron-emitting device. 
In the same figure, reference numeral 1 denotes a sub- 
strate, 2 a lower electrode, 3 an insulating layer, and 4 

25 an upper electrode. The electron-emitting device is 
made by a production method for first forming Si0 2 on 
the Si substrate by sputtering, depositing Al as the lower 
electrode, further forming an anodic oxide film of high 
quality in the thickness of 5.5 nm while controlling oxida- 
se tion rates, using ethylene glycol and tartaric acid, and 
thereafter forming Au of the upper electrode in the thick- 
ness of 9 nm. It is described that good electron emis- 
sion characteristics were achieved by applying voltage 
between the anode of the upper electrode and the cath- 

35 ode of the lower electrode thus formed. Specifically, 
according to Kusunoki et al., negative resistance does 
not appear in the device current flowing against the volt- 
age applied to the device. The "negative resistance" 
herein is a phenomenon in which the device current 

40 decreases as the device voltage increases. In addition, 
fluctuation does not occur in the emission current. Here, 
the "fluctuation" means temporal change of the emis- 
sion current. It is also described that dependence of the 
emission current on the device voltage varies depend- 

45 ing upon the thickness of the insulating layer and that 
the thicker the insulating layer, the higher the device 
voltage that has to be applied. It is further described that 
with anodic oxide films made at high oxidation rates, the 
negative resistance appears in the electron emission 

so characteristics and the fluctuation occurs large. 

[001 0] An example of the surface conduction electron- 
emitting device with improved electron emission charac- 
teristics is described in Japanese Laid-open Patent 
Application No. 9-82214. This will be described referring 

55 to Figs. 35A and 35B. In the figures, reference numeral 
191 denotes a substrate. 192 an electron-emitting 
region, 193 an electroconductive film, 194 a cathode 
device electrode, 195 an anode device electrode, 196 a 
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fissure, and 197 a field correcting electrode. In the sur- 
face conduction electron-emitting device of this exam- 
ple, electrons emitted move in an electric field 
established by the cathode and the anode and a singu- 
lar point of the electric field above the anode device 
electrode affects the ratio of electrons reaching the 
anode electrode, provided to sandwich a vacuum with 
the electron emitting element i.e., the electron emission 
efficiency. This device is an example in which the field 
correcting electrode is provided outside the device elec- 
trodes in order to improve the electron emission effi- 
ciency. 

SUMMARY OF THE INVENTION 

[0011] According to the studies by Spindt et al., the 
conventional FE type electron-emitting devices, how- 
ever, had a problem of a spread of the electron beam, 
which was hindrance against enhancement of defini- 
tion. In the example of application of the holes of the 
anodic oxide film to the apertures of the gate electrode, 
there remained a problem of poor repeatability in forma- 
tion of the cone of the electron-emitting region. In the 
example in which the electron-emitting regions were 
formed in the cylindrical shape, there also arose prob- 
lems of poor repeatability of the electron emission char- 
acteristics and high driving voltage. In the surface 
conduction electron-emitting device provided with the 
correcting electrode, the electron emission efficiency 
was increased, but the potential of the correcting elec- 
trode was high, which was a problem in driving. 
[0012] In the conventional MIM type electron-emitting 
devices, first, the thickness of the insulating layer was 
thin, several nm, and the thickness greatly affected the 
electron emission characteristics. In an electron source 
equipped with many devices, variations in the thickness 
of the insulating layer are directly bound to variations in 
the emission current, so that control of variations is dif- 
ficult. When an image pickup device or an image form- 
ing device is constructed using the electron source, 
there will arise a problem of degradation of image qual- 
ity. Second, the quality of the insulating layer did not 
affect only the electron emission characteristics, but 
also affected the device current. In the case of the elec- 
tron source equipped with many devices, variations in 
the quality of the insulating layer are directly bound to 
variations in the emission current. Particularly, in the 
case of a large area, control of variations is difficult. In 
the image pickup device or the image forming device 
using the electron source, there will arise the problem of 
degradation of image quality. Third, repeatability was 
poor as to occurrence of the negative resistance and 
occurrence of the fluctuation of the device current and 
control thereof was difficult. 

[0013] In the conventional surface conduction elec- 
tron-emitting device provided with the correcting elec- 
trode, the electron emission efficiency was increased, 
but the potential of the correcting electrode was high, 



which was the problem in driving. 
[0014] An object of the present invention is thus to 
provide an electron-emitting device having stable elec- 
tron emission characteristics with less variation that can 
5 achieve high electron emission efficiency, high defini- 
tion, and low driving voltage. 

[0015] For accomplishing the above object, the 
present invention provides an electron-emitting device 
comprising a lower electrode, an insulating layer having 
io a pore, and an upper electrode stacked in this order on 
a substrate, wherein a carbon deposit is provided in the 
pore. 

[0016] The present invention also provides an elec- 
tron-emitting device comprising a lower electrode, an 

is insulating layer having a pore, and an upper electrode 
stacked in this order on a substrate, wherein an elec- 
tron-emitting region is provided in the pore, the electron- 
emitting region is comprised of a small gap between the 
lower electrode and the upper electrode, and the small 

20 gap is formed by a rim-shape electroconductive body 
formed along an inner wall of the pore, and the upper 
electrode. 

[001 7] The present invention further provides an elec- 
tron-emitting device comprising a lower electrode, an 
25 insulating layer having a pore, and an upper electrode 
stacked in this order on a substrate, wherein an elec- 
tron-emitting body is provided in the pore, and 

where when a thickness of the upper electrode is t, 
30 a length of the pore is L, and a mean free path of 
electron transmission of the upper electrode is X, 
they satisfy the following condition: 
0.5 x L<;t<2vi. 

35 [0018] The present invention also provides an elec- 
tron-emitting device having a lower electrode, an insu- 
lating layer having a pore, and an upper electrode 
stacked in this order on a substrate, the electron-emit- 
ting device having an electron-emitting region in the 

40 pore, 

wherein the electron-emitting region is com- 
prised of a small gap between the lower electrode and 
the upper electrode and wherein a distance from the 
small gap to a top surface of the upper electrode is not 

45 more than 200 nm. 

[0019] The present invention further provides a pro- 
duction method for producing an electron-emitting 
device comprising a lower electrode, an insulating layer 
having a pore, and an upper electrode stacked in this 

so order on a substrate, the electron-emitting device hav- 
ing a carbon deposit in the pore, the production method 
comprising a step of forming the lower electrode of a 
metal or a semiconductor on the substrate, a step of 
forming an anodic oxide layer on a surface of the lower 

55 electrode, a step of producing the carbon deposit in the 
pore of the anodic oxide layer by applying a voltage 
under existence of an organic material, and a step of 
forming the upper electrode. 
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[0020] The present invention further provides a pro- 
duction method for producing an electron-emitting 
device comprising a lower electrode, an insulating layer 
having a pore, and an upper electrode stacked in this 
order on a substrate, the electron-emitting device hav- 5 
ing a carbon deposit in the pore, the production method 
comprising a step of forming the lower electrode of a 
metal or a semiconductor on the substrate, a step of 
forming an anodic oxide layer on a surface of the lower 
electrode, a step of forming the upper electrode on the w 
lower electrode after formation of the anodic oxide layer, 
and a step of producing a carbon deposit in the pore of 
the anodic oxide layer by applying a voltage to the upper 
electrode and the lower electrode under existence of an 
organic material. 75 
[0021] In the electron-emitting devices of the present 
invention, the holes are formed in the porous structure 
in the insulating layer such as the oxide film formed by 
anodic oxidation, at least the carbon deposit being the 
electron-emitting body is formed in the holes of the 20 
porous structure, and the gap is provided between the 
lower electrode and the upper electrode; therefore, with 
application of the voltage between the lower electrode 
and the upper electrode so as to keep the upper elec- 
trode at a higher potential, the electrons injected from 25 
the lower electrode tunnel through the gap between the 
carbon, formed on the lower electrode, and the upper 
electrode into a vacuum, whereby the electrons are 
emitted. 

30 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0022] 

Fig. 1 A and Fig. 1 B are a sectional view and a per- 35 
spective view of an electron-emitting device in the 
first embodiment of the present invention; 
Fig. 2A, Fig. 2B. Fig. 2C. and Fig. 2D are sectional 
views for explaining structures of the electron-emit- 
ting device of the first embodiment; 40 
Fig. 3 is a flowchart of a process for producing the 
electron-emitting device of the first embodiment; 
Fig. 4 is a sectional view of an anodic oxidation sys- 
tem used in production of the electron-emitting 
device; 45 
Fig. 5 is a sectional view of a vacuum process sys- 
tem used in production of the electron-emitting 
device; 

Fig. 6A and Fig. 6B are waveform diagrams of volt- 
age pulses applied in a step of forming carbon in so 
the pores of the anodic oxide layer; 
Fig. 7A and Fig. 7B are a plan view and a sectional 
view of electron-emitting devices in Example 1 of 
the first embodiment; 

Fig. 8A and Fig. 8B are graphs to show characteris- 55 
tics of electron-emitting devices in Example 1 of the 
first embodiment; 

Fig. 9A and Fig. 9B are a sectional view and a plan 



view of an image pickup device in Example 3 of the 
first embodiment; 

Fig. 10A and Fig. 10B are a sectional view and a 
plan view of a display device in Example 4 of the 
first embodiment; 

Fig. 11 A and Fig. 11B are a sectional view and a 
perspective view of an electron-emitting device in 
the second embodiment of the present invention; 
Fig. 12A, Fig. 12B, Fig. 12C, and Fig. 12D are sec- 
tional views for explaining structures of the elec- 
tron-emitting device of the second embodiment; 
Fig. 13 is a sectional view for explaining the princi- 
ple of operation of the electron-emitting device in 
the second embodiment; 

Fig. 14 is a flowchart of a process for producing the 
electron-emitting device of the second embodi- 
ment; 

Fig. 15 is a sectional view of another anodic oxida- 
tion system used in production of the electron-emit- 
ting device; 

Fig. 16 is a sectional view of a columnar metal form- 
ing system used in production of the electron- emit- 
ting device; 

Fig. 17A and Fig. 17B are sectional views for 
explaining sectional configurations of the electron- 
emitting device of the second embodiment; 
Fig. 18 is a graph to show the relation between 
electron emission efficiency and thickness of the 
upper electrode in the electron-emitting device of 
the second embodiment; 

Fig. 19 is a graph to show the relation between 
electron emission efficiency and diameter of aper- 
ture in the electron-emitting device of the second 
embodiment; 

Fig. 20A and Fig. 20B are a sectional view and a 
perspective view of an electron-emitting device in 
the third embodiment of the present invention; 
Fig. 21 A, Fig. 21 B, Fig. 21 C, and Fig. 21 D are sec- 
tional views for explaining structures of the elec- 
tron-emitting device of the third embodiment; 
Fig. 22A and Fig. 22B are sectional views for 
explaining other structures of the electron-emitting 
device of the third embodiment; 
Fig. 23 is a flowchart of a process for producing the 
electron-emitting device of the third embodiment; 
Fig. 24 is a graph to show the relation between 
electron emission current and thickness of the 
upper electrode in the third embodiment; 
Fig. 25A and Fig. 25B are a sectional view and a 
perspective view of an electron-emitting device in 
the fourth embodiment of the present invention; 
Fig. 26A and Fig. 26B are sectional views for 
explaining structures of the electron-emitting device 
of the fourth embodiment; 

Fig. 27 is a sectional view for explaining the princi- 
ple of operation of the electron- emitting device in 
the fourth embodiment; 

Fig. 28 is a flowchart of a process for producing the 
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electron-emitting device of the fourth embodiment; 
Fig. 29A and Fig. 29B are sectional views for 
explaining configurations of the electron-emitting 
device of the fourth embodiment; 
Fig. 30 is a graph to show the relation between 
electron emission efficiency and thickness of the 
upper electrode in the electron-emitting device of 
the fourth embodiment; 

Fig. 31 is a graph to show the relation between 
electron emission efficiency and diameter of aper- 
ture in the electron- emitting device of the fourth 
embodiment; 

Fig. 32 is a sectional view of a conventional FE type 
electron-emitting device; 

Fig. 33 is a sectional view of another conventional 
FE type electron-emitting device; 
Fig. 34 is a sectional view of a conventional MIM 
type electron-emitting device; and 
Fig. 35A and Fig. 35B are a plan view and a sec- 
tional view of a conventional surface conduction 
electron-emitting device. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

[0023] Embodiments of the present invention will be 
described by reference to the drawings. 

[First Embodiment] 

[0024] Fig. 1 A is a schematic, sectional view to show 
an example of the electron-emitting device according to 
the present invention. Fig. 1 B is a partly enlarged, sche- 
matic view of part A of Fig. 1A. In Fig. 1A, numeral 1 
designates a substrate, 2 a lower electrode, 3 an anodic 
oxide layer, and 4 an upper electrode. In Fig. 1B, 
numeral 5 represents pores in the porous structure, and 
6 carbon electrically connected to the lower electrode. 
[0025] The substrate 1 to be employed herein can be 
selected from quartz glass, glass with a decreased con- 
tent of impurity such as Na, soda iime glass, a glass 
substrate obtained by depositing Si0 2 on soda lime 
glass by sputtering or the like, ceramics such as alu- 
mina, an Si substrate, an Si substrate with a deposited 
layer of Si0 2 , and so on. Particularly, when the sub- 
strate 1 is a semiconductor substrate, a driver or the like 
for driving the electron-emitting device can also be 
mounted simultaneously. 

[0026] The lower electrode 2 is selected from metals, 
such as Al, Ta, Nb, Ti, Zr, Hf, or Si, and semiconductors 
that can undergo anodic oxidation. The thickness of the 
lower electrode 2 is properly determined according to 
the thickness of the anodic oxide layer, the electrical 
resistance of the lower electrode, and so on. 
[0027] The anodic oxide layer 3 is formed by anodic 
oxidation of the lower electrode in part. In the anodic 
oxide layer 3 there exist regular or irregular pores 5. 
This will also be called porous structure in the present 



specification. The regular or irregular pores 5 can be 
formed by selecting anodic oxidation conditions includ- 
ing a composition of an anodic oxidation bath, the tem- 
perature of the bath, the voltage, the time, etc., 

5 according to the material for the lower electrode 2. Pref- 
erably, the regular pores are selected. Diameters of the 
pores range from several ten nm to several hundred nm 
and depths thereof from several ten nm to several hun- 
dred nm. The density of the pores is 10 8 to 10 12 

10 pores/cm 2 and corresponds to the density of electron- 
emitting points. Here, an electron-emitting point indi- 
cates a small area where electrons are emitted. In each 
pore 5, carbon 6, which is an electron-emitting body 
electrically connected to the lower electrode 2, is depos- 

is ited on the wall of hole or is formed in a pole shape filling 
a part of each pore. The carbon may also be formed in 
the similar fashion from the side of the upper electrode 
4. 

[0028] There is a gap created between the carbon, 
20 formed on the lower electrode 2, and the upper elec- 
trode or, in the case where the carbon is also formed 
from the side of the upper electrode 4, between the car- 
bon from the upper electrode 4 side and the carbon 
formed on the lower electrode 2. This gap is preferably 
25 several nm to several ten nm, and is properly deter- 
mined according to the time of the step of applying the 
voltage to the upper electrode and lower electrode 
under existence of the organic material detailed herein- 
after, the voltage applied, and so on. 
30 [0029] The upper electrode is formed on the anodic 
oxide layer and is preferably made of a metal with excel- 
lent electron transmission characteristics, for example, 
Al. 

[0030] Structural examples of the above electron- 

35 emitting device of the present invention will be explained 
using the schematic sectional views of Figs. 2A to 2D. In 
Figs. 2A to 2D, the same portions as those in Figs. 1 A 
and 1B are denoted by the same reference numerals. 
There are four kinds of structures illustrated in Figs. 2A 

40 to 2D, but other structures may also be employed, with- 
out having to be limited to these illustrated structures. 
The following describes examples using the metal for 
the upper electrode and the lower electrode, but they 
may also be made of a semiconductor. The structure of 

45 Fig. 2A is metal (lower electrode) 2 / metal oxide layer 3 
/ pores, each having an electron-emitting body 6 / vac- 
uum / metal (upper electrode) 4. The structure of Fig. 
2B is metal (lower electrode) 2 / pores, each having an 
electron-emitting body 6 / vacuum / metal (upper elec- 

so trode) 4. The structure of Fig. 2C is metal (lower elec- 
trode) 2 / metal oxide layer 3 / pores, each having an 
electron-emitting body 6 / vacuum / metal (upper elec- 
trode) 4 formed in regions except for regions above the 
pores. The structure of Fig. 2D is metal (lower elec- 

55 trode) 2 / pores, each having an electron-emitting body 
6 / vacuum / metal (upper electrode) 4 formed in regions 
except for regions above the pores. 
[0031] In the structures of Fig. 2 A and Fig. 2C, the 
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metal oxide layer 3 is obtained on the occasion of 
anodic oxidation of the lower electrode, and two struc- 
tural regions, a dense film structural region without 
pores and a film structural region with pores, can be 
obtained in this metal oxide layer 3, depending upon the 5 
anodic oxidation conditions. As illustrated in Fig. 2A and 
Fig. 2C, the formation of the dense film structural region 
of the above metal oxide layer between the lower elec- 
trode 2 and the electron-emitting bodies 6 in the pores 
results in forming a nonlinear device in the structure of 10 
metal / insulator / electron-emitting bodies (carbon), so 
as to impart the function of current limitation, which can 
prevent current fluctuation in discharge or the like on the 
occasion of driving the electron-emitting device of the 
present invention and which can in turn prevent damage 15 
to the electron-emitting device. A specific production 
method of the above metal oxide layer will be described 
hereinafter, but it is first formed, for example, under con- 
ditions for forming porous metal oxide and thereafter the 
thickness of the dense film structural region is adjusted 20 
in a widening step of described hereinafter. 
[0032] The structures of Fig. 2B and Fig. 2D do not 
have the metal oxide layer without the pores and the 
electron-emitting bodies (carbon) in the pores are elec- 
trically connected directly to the lower electrode. These 25 
structures are obtained by anodizing the lower elec- 
trode, thereafter sufficiently widening the pores by the 
widening step of pores hereinafter and thereafter the 
electron-emitting bodies (carbon) are formed in the 
pores, whereby the electron-emitting bodies are electri- 30 
cally connected to the lower electrode. In another 
method, the metal oxide layer without the pores 
between the lower electrode and the metal oxide layer 
with the pores is electrically broken by pulse voltage 
applied in the step of forming the electron-emitting bod- 35 
ies (carbon) in the pores of the anodic oxide layer 
described hereinafter, so that the electron-emitting bod- 
ies are electrically connected to the lower electrode. In 
the structures of Fig. 2B and Fig. 2D, the electron-emit- 
ting device is also provided with the nonlinear character- 40 
istics by tunneling between the electron-emitting bodies 
and the vacuum. The above "vacuum" is one equivalent 
to the vacuum ambience in which the substrate with the 
electron-emitting device formed thereon is set. 
[0033] When the upper electrode 4 is present in the 45 
portions above the pores as in the structures of Fig. 2A 
and Fig. 2B, the electron-emitting bodies formed in the 
pores are in contact with the vacuum through the upper 
electrode. When the upper electrode 4 is absent in the 
portions above the pores on the other hand as in the so 
structures of Fig. 2C and Fig. 2D, the electron-emitting 
bodies formed in the pores are in direct contact with the 
vacuum. 

[0034] With consideration to aspects of heat resist- 
ance of the electron-emitting device of the present ss 
invention, stability of electron emission characteristics, 
improvement in repeatability, and so on, the carbon 
deposit for forming the electron-emitting bodies is pref- 



erably at least one of graphite, amorphous carbon and 
diamondlike carbon. 

[0035] There are various methods for producing the 
above-stated electron-emitting device, among which an 
example is schematically illustrated in a step diagram of 
Fig. 3. A first production method for producing the struc- 
tures of Fig. 2C and Fig. 2D will be described below. 
[0036] The first step is a step of forming the lower 
electrode of the metal or the semiconductor on the sub- 
strate. The substrate 1 is cleaned well with detergent, 
pure water, and organic solvent or the like, a material for 
the lower electrode is deposited by vacuum evapora- 
tion, sputtering, or the like, and thereafter the lower 
electrode 2 is formed on the substrate, for example, by 
the photolithography technology. The lower electrode 
may also be formed by plating. 

[0037] The second step is a step of anodizing the 
lower electrode. An anodic oxidation system will be 
described herein using the conceptual drawing thereof 
illustrated in Fig. 4. In Fig. 4, numeral 1 represents a 
substrate, 31 an anodic oxidation tank, 32 an anodic 
oxidation electrolyte solution, 33 an electrode, 34 a 
power supply, and 35 an O-ring. The anodic oxidation 
electrolyte solution 32 for the metal such as Al is an 
aqueous solution of one selected from inorganic acids 
such as sulfuric acid, sulfamic acid, and phosphoric 
acid, and organic acids such as oxalic acid, malonic 
acid, and succinic acid, and a substance added thereto 
as solvent is polyhydric alcohol such as ethylene glycol, 
glycerin, or dextrin. On the other hand, the electrolyte 
solution for Si is an aqueous solution of HF. Further, an 
oxidation process such as thermal oxidation may by fur- 
ther added. The electrode 33 is the metal such as Pt. 
The anodic oxidation of the lower electrode is effected 
by energization from the power supply 34 with the elec- 
trode 33 as a cathode and the substrate 1 as an anode. 
The geometrical structure of the anodic oxide layer can 
be controlled by production conditions. Specifically, the 
spacing between the pores can be controlled by the 
anodic oxidation voltage, the depths of the pores by the 
anodic oxidation time, and the diameters of the pores by 
such conditions as the composition of the electrolyte 
solution, the voltage, the current. Further, control of the 
regular pores or the irregular pores can also be made by 
control of these conditions. Next, the substrate on which 
the anodic oxide layer was thus formed thereon is 
dipped in the anodic oxidation electrolyte solution or the 
like to adjust the diameter of pores and thickness of the 
dense oxide film (this process will be called widening) 
and is washed well with water and thereafter dried in 
vacuum. 

[0038] The third step is a step of forming the upper 
electrode on the metal or the semiconductor thus ano- 
dized. The upper electrode is formed in the thickness of 
several nm to several ten nm on the above anodic oxide 
layer in the same manner as the lower electrode as 
described above. 

[0039] The fourth step is a step of forming the elec- 
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tron-emitting bodies in the pores of the anodic oxide 
layer. This step is a step of forming carbon in the pores 
of the aforementioned anodic oxide layer by applying 
the voltage to the upper electrode and lower electrode 
under existence of the organic material of a gas state. 
The carbon formed in this step is graphite. The graphite 
herein is either of so-called HOPG, PG, and GC. HOPG 
indicates almost perfect graphite crystal structure, PG 
somewhat disordered crystal structure having crystal 
grains of 20 nm or so, and GC more disordered crystal 
structure having crystal grains of 2 nm or so. In addition, 
the carbon herein may also be non-crystalline carbon. 
The non-crystallin carbon herein includes amorphous 
carbon and, a mixture of amorphous carbon with fine 
crystals of graphite. 

[0040] Now, a vacuum process system used in the 
fourth step will be described referring to Fig. 5. In Fig. 5, 
the same portions as those illustrated in Figs. 1A, 1B 
and 2A to 2D are denoted by the same reference 
numerals. In Fig. 5, numeral 55 indicates a vacuum ves- 
sel, 56 an exhaust pump, and 57 a supply of organic gas 
used in formation of carbon in the pores of the anodic 
oxide layer of the electron-emitting device according to 
the present invention. The electron-emitting device of 
the present invention is placed in the vacuum vessel 55. 
Specifically, numeral 1 represents the substrate, 2 the 
lower electrode, 3 the anodic oxide layer, and 4 the 
upper electrode. Further, numeral 51 denotes a power 
supply for applying the device voltage Vf to the electron- 
emitting device, 50 a current meter for measuring the 
device current If flowing in the lower electrode 2 and the 
upper electrode 4, and 54 an anode electrode for cap- 
turing the emission current le of electrons emitted from 
the device. Numeral 53 designates a high voltage sup- 
ply for applying the voltage to the anode electrode 54, 
and 52 a current meter for measuring the emission cur- 
rent le emitted from the electron-emitting device. As an 
example, supposing the voltage of the anode electrode 
is in the range of 0 to 10 kV, measurement can be car- 
ried out while the distance H between the anode elec- 
trode and the electron-emitting device is set in the range 
of 10 \xm to 8 mm. There is provided equipment neces- 
sary for the measurement under a vacuum ambience, 
such as a vacuum gage not illustrated, in the vacuum 
vessel 55, so as to permit measurement and evaluation 
under a desired vacuum ambience. The exhaust pump 
56 is composed of an ordinary high-vacuum system 
consisting of a turbo pump or a rotary pump and an ult- 
rahigh vacuum system consisting of an ion pump or the 
like. The whole of the vacuum process system shown 
herein can be heated up to 350 °C by a heater not illus- 
trated. 

10041 ] The substrate 1 is set in the vacuum vessel and 
the vacuum vessel is evacuated into a vacuum ambi- 
ence. Thereafter, the organic gas is introduced from the 
supply of organic gas 57 into the vacuum vessel 55 and 
the voltage is applied to the upper electrode and lower 
electrode under the ambience containing the gas of 



organic substance. The waveform of the voltage is a 
waveform of pulses, which are repetitively applied. A 
method for applying the voltage may be selected from a 
method illustrated in Fig. 6A for continuously applying 

s pulses with their pulse peak values of a constant volt- 
age, and a method illustrated in Fig. 6B for applying volt- 
age pulses with increasing pulse peak values. 
[0042] In the method of the fixed application direction 
of the pulse voltage wherein either the upper electrode 

io or the lower electrode is fixed at a higher potential while 
the other at a lower potential (Fig. 6A), supposing the 
upper electrode is fixed at the lower potential than the 
lower electrode, the carbon is formed mainly on the 
lower electrode side which is kept at the higher poten- 

is tial. In the method for applying the higher potential alter- 
nately to the upper electrode and to the lower electrode 
(Fig. 6B), the carbon is formed both on the upper elec- 
trode and on the lower electrode. 
[0043] In Fig. 6A, T1 and T2 represent the pulse width 

20 and the pulse spacing of pulses in the voltage wave- 
form. Normally, T1 is set in the range of 1 microsecond 
to 10 milliseconds and T2 in the range of 10 microsec- 
onds to 100 milliseconds. The peak values of the trian- 
gular waves are properly selected according to the form 

25 of the electron-emitting device. Under such conditions 
the voltage is applied, for example, for several minutes 
to several ten minutes. The pulse waves are not limited 
only to the triangular waves, but desired waveforms may 
be employed including the rectangular waves. Further, 

30 T1 and T2 in Fig. 6B can be the same as those illus- 
trated in Fig. 6A. The peak values of the triangular 
waves can be increased, for example, by steps of about 
0.1 V. 

[0044] The preferred gas pressure of the organic sub- 

35 stance for formation of the carbon differs depending 
upon the aforementioned application form, the shape of 
the vacuum vessel, the type of the organic substance, 
and so on and is thus properly determined according to 
the circumstances. An appropriate organic substance 

40 can be selected from aliphatic hydrocarbons of alkane, 
alkene, and alkyne, aromatic hydrocarbons, alcohols, 
aldehydes, ketones, amines, organic acids such as phe- 
nol, carboxylic acid, and sulfonic acid, and so on. Spe- 
cific examples of such substances include saturated 

45 hydrocarbons represented by C n H 2n + 2 such as meth- 
ane, ethane, and propane, unsaturated hydrocarbons 
represented by the composition formula of C n H 2n or the 
like such as ethylene and propylene, benzene, toluene, 
methanol, ethanol, formaldehyde, acetaldehyde, ace- 

so tone, methyl ethyl ketone, methylamine. ethylamine, 
phenol, formic acid, acetic acid, propionic acid, and so 
on. The organic gas is also selected according to the 
diameter of the pores formed in the anodic oxide layer. 
This is because adsorption of the organic gas is also 

55 dependent on the diameter of the pores. 

[0045] During this process carbon is deposited from 
the organic substance present in the ambience into the 
pores in the anodic oxide layer, whereby the device cur- 
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rent If and emission current le change remarkably. 
[0046] Completion of the fourth step is determined 
while measuring the device current If and the emission 
current le. The apertures of the upper electrode 4 above 
the pores, illustrated in Figs. 2C and 2D, are formed in s 
the initial stage of application of the above-stated volt- 
age pulses in this step. 

[0047] The fifth step is a stabilization step. Namely, 
this step is a step of stabilizing the characteristics of the 
electron-emitting device produced by the first to the 10 
fourth steps. The fifth step is a step of removing inter- 
mediate products of the organic material and also 
removing the organic gas, water, oxygen, etc. adsorbing 
to the substrate etc. from the carbon in the pores of the 
anodic oxide layer, whereby the step can impart to the is 
device such a property that the device current and the 
emission current monotonically increase above a cer- 
tain threshold against the voltage applied to the device. 
This step is a step of exhausting the organic substance 
in the vacuum vessel and an evacuation apparatus for 20 
evacuating the vacuum vessel is preferably one not 
using oil in order to avoid influence of the oil from the 
apparatus on the characteristics of the device. Specifi- 
cally, the evacuation apparatus can be selected from a 
sorption pump, an ion pump, and so on. 25 
[0048] The partial pressure of the organic component 
in the evacuation apparatus is set to a partial pressure 
under which there is little carbon or carbon compound 
newly deposited, and is preferably not more than 1x10' 
8 Torr and particularly preferably not more than 1x10" 30 
10 Torr. It is further preferred that the whole of the vac- 
uum apparatus be heated during evacuation of the 
inside of the vacuum apparatus so as to facilitate 
removal of molecules of the organic substance adsorb- 
ing to the inner wall of the vacuum apparatus and to the 35 
electron-emitting device. The heating condition at this 
time is desirably the temperature of 150 to 300 °C and 
the heating time of not less than several hours, but the 
heating condition is not limited particularly to this condi- 
tion. 40 
[0049] The ambience during driving after completion 
of the stabilization step is preferably maintained in the 
ambience at the end of the above stabilization opera- 
tion, but it is not limited to this. Sufficient characteristics 
can be maintained by an ambience from which the 45 
organic substance is removed adequately but the vac- 
uum degree of which is a little degraded. By employing 
such a vacuum ambience, deposition of new carbon 
substance can be suppressed, whereby the device cur- 
rent If and emission current le are stabilized as a result, so 
[0050] Next, a second production method, which is a 
method for forming carbon or diamondlike carbon in a 
liquid, will be described referring to the step diagram of 
Fig. 3. The following describes an example for produc- 
ing the structures of Fig. 2A and Fig. 2B. ss 
[0051] The first step is a step of forming the lower 
electrode of the metal or the semiconductor on the sub- 
strate, which is carried out in the same manner as the 



method described in the first step of the first production 
method. 

[0052] The second step is a step of anodizing the 
lower electrode, which is similar to the method 
described in the second step of the first production step, 
but in which after the anodic oxidation, the substrate 
with the anodic oxide layer formed thereon is washed 
with water, dipped in the anodic electrolyte solution (that 
is "widening") and then is taken into the electrolytic tank 
of step 3. 

[0053] The third step is a step of forming the electron- 
emitting bodies in the pores of the anodic oxide layer 
under existence of a liquid organic material. This step is 
a step of forming the electron-emitting bodies in the 
pores of the aforementioned anodic oxide layer by 
applying the voltage to the electrode 33 and the lower 
electrode of Fig. 4. Using the same apparatus as illus- 
trated in Fig. 4, electrolysis is effected in an electrolyte 
solution of alcohol with the lower electrode as an anode 
and with the electrode 33 of Fig. 4 as a cathode, 
whereby diamondlike carbon can be deposited into the 
pores formed by the anodic oxidation from the lower 
electrode side. The diamondlike carbon grows in a 
columnar shape in the pores with a lapse of the electro- 
lytic time. 

[0054] The fourth step is a step of forming the upper 
electrode on the metal or the semiconductor thus ano- 
dized, in which the upper electrode is formed in the 
thickness of several nm to several ten nm over the 
above anodic oxide layer in the same manner as the 
aforementioned lower electrode was. 
[0055] The fifth step is a stabilization step, which is 
carried out in the same manner as the stabilization step 
described in the fifth step of the first production method. 

[Example 1 of the first embodiment] 

[0056] Fig. 7A is a plan view of a substrate on which 
five electron-emitting devices of the present invention 
are placed and Fig. 7B is a schematic sectional view 
along 7B-7B of Fig. 7A. 

[0057] In Figs. 7A and 7B, numeral 1 denotes a sub- 
strate, 73 anodic oxide layers, 71 lead wires of the lower 
electrodes, 72 a lead wire of the upper electrodes, and 
74 intersections between the lead wires 71 of the lower 
electrodes and the lead wire 72 of the upper electrodes, 
at which the electron-emitting devices of the present 
invention are placed. 

[0058] In the present example, substrates, each 
including five electron-emitting devices in either one of 
the structures of the four types illustrated in Figs. 2A, 
2B, 2C, and 2D, will be called substrates A, B, C, and D, 
respectively. 

[0059] A production method of the present example 
will be described specifically. 
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(Step 1 : step of forming the lower electrode of metal on 
the substrate) 

[0060] The substrate 1 of quartz glass was washed 
well with detergent, pure water, and organic solvent or 5 
the like, the material of Al for the lower electrode was 
deposited in the thickness of 200 nm by sputtering, and 
thereafter the lower electrode wires 71 were formed in a 
stripe pattern on the substrate 1 by the photolithography 
technology. The lower electrode wires 71 were covered io 
in part by a known mask resin for plating in order to use 
parts of the lower lead wires 71 as terminals. 

(Step 2: step of anodizing the lower electrodes) 

15 

[0061 ] Using the anodic oxidation system illustrated in 
Fig. 4, the lower electrodes of Al prepared in step 1 
were anodized. For the substrates B and D, an aqueous 
solution of oxalic acid 30 g/l was used as an anodic oxi- 
dation electrolyte solution (32 in Fig. 4). A Pt electrode 20 
was used as the electrode (33 in Fig. 4). The anodic oxi- 
dation was carried out at the constant voltage of 45 V 
from the power supply (34 in Fig. 4) with the electrode 
(33 in Fig. 4) as a cathode and the lower wires (71 in 
Figs. 7A and 7B) provided on the substrate 1, as 25 
anodes. On this occasion, the initial current density was 
400 mA/cm 2 , but it decreased with progress of anodic 
oxidation. Next, the substrate with the anodic oxide lay- 
ers formed thereon was dipped in H3PO4 solution, 
washed well with water and thereafter dried in vacuum. 30 
The above anodic oxidation step resulted in forming the 
pores in the anodic oxide layers. For the substrates A 
and C, the anodic oxide layers with pores were formed 
under the same anodic oxidation conditions as in the 
case of the substrates B and D. A thickness of dense 35 
film is controlled by dipping in phosphoric acid solution 
in a shorter time than that of the cases of the substrates 
B and D. 

(Step 3: step of forming the upper electrode on the 40 
metal or the semiconductor thus anodized) 

[0062] The upper electrode 72 was formed in the 
thickness of 10 nm on the above anodic oxide layers of 
each of the substrates A, B, C, and D in the same man- 45 
ner as the above lower electrodes had been formed. 

(Step 4: step of forming carbon in the pores of the 
anodic oxide layers (under existence of a gas organic 
material)) so 

[0063] The substrate 1 was placed in the vacuum 
chamber also serving as a measuring device and the 
voltage was applied to the upper electrode and lower 
electrode under an ambience containing gas of acetone 55 
at 10 1 Pa. The voltage was applied for thirty minutes in 
the form of rectangular waves having the pulse width T1 
of 1 ms and the pulse spacing T2 of 10 ms in the pulse " 



waveform of Fig. 6A. At the same time, the current of 
device was monitored. The voltage was 10 V in the sub- 
strate A, B, C, or D. Apertures are formed in the upper 
electrode above the pores by the application of the 
above-stated voltage pulses in this step. 

(Step 5: stabilization step) 

[0064] Next, the acetone gas was exhausted well and 
thereafter the system was evacuated for ten hours while 
being heated at 250 °C. 

(Step 6: step of again forming the upper electrode) 

[0065] For the substrates A and B, the upper electrode 
was again formed in the same manner as above, 
thereby forming the structures of Figs. 2A and 2B. 

[Comparative Example] 

[0066] (Step 1) to (step 4) were carried out under the 
production conditions of substrate B, thereby separately 
preparing a substrate without execution of (step 5: sta- 
bilization step). This will be called substrate E. 

[Results] 

[0067] Then the substrate A, B, C, D, or E was set in 
the vacuum process system of Fig. 5, the voltage was 
applied to the lower electrode and upper electrode of 
each device, and to the anode electrode under an ultra- 
high vacuum, and the currents (the device current and 
emission current) and device voltage characteristics 
were measured. Figs. 8A and 8B show the current/volt- 
age characteristics. At the same time, it was checked 
whether the voltage-controlled negative resistance 
(VCNR characteristics) occurred with slowly sweeping 
the device voltage. Further, emission of electron beam 
was observed by emission of a fluorescent member 
placed at the anode. After the measurements, the sam- 
ples thus formed were then observed with an electron 
microscope, plane TEM, and so on. 
[0068] As apparent from the current/voltage charac- 
teristics of Figs. 8A and 8B, the device current and 
emission current of the substrates A, B, C, and D dem- 
onstrate monotonically increasing characteristics above 
their threshold. The current was negligible below the 
threshold (which will be called Vth). These verify that 
the devices are nonlinear devices demonstrating the 
nonlinear characteristics of the device current and emis- 
sion current. On the other hand, it is seen that the sub- 
strate E of the comparative example demonstrates the 
emission current of characteristics that are not the volt- 
age-controlled negative resistance characteristics 
(VCNR characteristics), but the device current of the 
voltage-controlled negative resistance characteristics 
(VCNR characteristics). 

[0069] Since the substrates A and C have the struc- 
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ture of the dense anodic oxide layer / the anodic oxide 
layer having the pores, formed on the lower electrode, it 
is seen that this structure shifts Vth to the higher device 
voltage than that of the substrates B and D. The diame- 
ter of the electron beam observed at the anode elec- s 
trode was nearly equal to the overlapping part of the 
upper electrode with the lower electrode. 
[0070] When the devices were observed with the elec- 
tron microscope, the regular pores as illustrated in Fig. 
1 B were observed in the anodic oxide layer in either of io 
the substrates. The diameter of the pores was 200 nm 
and the density of the pores was 3 x 10 8 pores/cm 2 . 
[0071] The upper electrode exists above the pores in 
the substrates A and B, whereas the upper electrode 
does not exist above the pores but does exist around is 
the pores in the substrates C and D. This is because the 
upper electrode above the pores was removed in the 
case of the substrates G and D on the occasion of 
applying the pulse voltage in the step of forming the 
electron-emitting bodies. 20 
[0072] Further, plane TEM samples were prepared 
and observed, and it was verified that graphite-nature 
carbon existed in the pores in either sample. It seemed 
that more carbon was deposited in the pores in the sub- 
strate E. The deposit further contained carbon other 2s 
than graphite. 

[0073] The present example substantiated the follow- 
ing. First, graphite-nature carbon can be formed in the 
pores of the anodized layer obtained by anodic oxida- 
tion of metal. Second, the devices obtained can function 30 
as electron-emitting devices. Third, the stabilization 
step does not cause the voltage-controlled negative 
resistance characteristics (VCNR characteristics) and 
both the device current and emission current exhibit the 
monotonic increase characteristics. Fourth, where the 35 
anodic oxide layer is the one having the dense anodic 
oxide layer functioning as an insulating layer and the 
anodic oxide layer having the pores, the current/voltage 
characteristics are shifted to the higher voltage side of 
the device voltage. Fifth, the diameter of the electron 40 
beam observed at the anode electrode is nearly equal 
to the overlapping part of the upper electrode with the 
lower electrode and there is thus a little divergence of 
the beam. 

45 

[Example 2 of the first embodiment] 

[0074] The present example is an example in which 
diamondlike carbon is formed in the pores of the insulat- 
ing layer, in liquid. A production method of the present so 
example will be described specifically, again referring to 
Fig. 3. 

(Step 1 : step of forming the lower electrode) 

55 

[0075] A P-type Si wafer was used as a substrate. 
Here, the P-type wafer substrate functions as a lower 
electrode. 



(Step 2: step of anodizing the lower electrode) 

[0076] Using the apparatus of Fig. 4, the anodic oxi- 
dation operation was carried out in the aqueous solution 
of HF with the P-type Si wafer as an anode and Pt as a 
cathode (33 in Fig. 4), and thereafter the wafer was 
washed with water and then taken into the electrolytic 
tank of step 3. 

(Step 3: step of forming the electron-emitting bodies in 
the pores of the anodic oxide layer (under existence of 
liquid organic material)) 

[0077] This step is a step of forming carbon in the 
pores of the anodic oxide layer by applying the voltage 
under existence of an organic material of a liquid state. 
Using the system similar to that of Fig. 4, electrolysis 
was carried out in the electrolyte solution of ethyl alco- 
hol for one hour by applying the voltage between the 
anode of the lower electrode side of device and the 
cathode Pt (the electrode 33 of Fig. 4). During the elec- 
trolysis the temperature of the solution was controlled at 
60 °C by heating the solution with an unrepresented 
heater. Then the substrate with the anodic oxide layer 
was washed well with water and thereafter dried in vac- 
uum. 

(Step 4: step of forming the upper electrode) 

[0078] A Pt film was deposited as an upper electrode 
in the thickness of 10 nm by sputtering. 

(Step 5: stabilization step) 

[0079] The stabilization step was carried out in the 
same manner as in Example 1 above. 
[0080] In the last stage, the above sample was set in 
the vacuum process system of Fig. 5, and the voltage 
was applied to the lower electrode and the upper elec- 
trode, and to the anode electrode to measure the cur- 
rents (device currents and emission current) and the 
device voltage characteristics in the same manner as in 
Example 1 . At the same time, it was checked whether 
the voltage-controlled negative resistance characteris- 
tics (VCNR characteristics) appeared with slowly 
sweeping the device voltage. After the measurements, 
the sample thus formed was observed with the electron 
microscope, the plane TEM, and so on. 
[0081] The current/voltage characteristics of both the 
device current and emission current were the monoton- 
ically increasing characteristics over their threshold and 
the current was negligible below the threshold, as in 
Example 1 . These verified that the device was a nonlin- 
ear device demonstrating the nonlinear characteristics 
of both the device current and emission current. The 
emission current was five times greater than those of 
the devices of Example 1 . This is conceivably because 
of decrease of work function of carbon in the pores or 
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influence of shape. 

[0082] In observation with the electron microscope, 
the holes of the porous structure were observed. Fur- 
ther, Raman and plane TEM samples were prepared 
and observed, and it was proved thereby that diamond- s 
like carbon existed in the holes. 

[Example 3 of the first embodiment] 

[0083] The present example is an example of applica- io 
tion to an image pickup device in which a plurality of 
electron-emitting devices, which were prepared by a 
method similar to that in Example 1 , are placed in a two- 
dimensional array on a substrate. Fig. 9A and Fig. 9B 
are schematic views of the image pickup device of the is 
present invention. Fig. 9A is a sectional view of an 
image pickup tube of the present invention and Fig. 9B 
is a plan view of the substrate on which the electron- 
emitting devices are placed. In Figs. 9A and 9B, 
numeral 91 designates an electron-emitting device sub- 20 
strate (an electron source substrate), 92 lower elec- 
trodes (wires), 93 anodic oxide layers, 94 upper 
electrodes (wires), 95 a photoconductive member, 96 a 
transparent electrode, 97 a photoconductive member 
substrate, 98 a device voltage applying source, and 99 25 
a power supply for applying the voltage to the photocon- 
ductive member. In Fig. 9A, the electron-emitting device 
substrate and the photoconductive member substrate 
are bonded to a support frame not illustrated, thereby 
composing a hermetically closed container. The inside so 
of the container is maintained in a high vacuum. 
Although Fig. 9A is illustrated so that one of the upper 
electrodes is connected to the device voltage applying 
source, it is noted that all the upper electrodes are con- 
nected to the device voltage applying source. 35 
[0084] Next described is the principle of the image 
pickup device of the present example. The operation of 
the image pickup device of the present example is simi- 
lar to that of the conventional image pickup tubes, but 
the image pickup device of the present example is differ- 40 
ent from the conventional image pickup tubes in that an 
image is read using electron beams from the electron- 
emitting devices arrayed in the two-dimensional pattern 
and in that the image pickup device does not have a 
converging system for converging the electron beams. 45 
When light is incident to the photoconductive member 
95, holes are created in the photoconductive member 
95 by the incident light. The holes are accelerated 
toward the electron-emitting device substrate 91 by an 
electric field applied to the photoconductive member 95, so 
so as to undergo avalanche multiplication. On the other 
hand, electron beams emerge from the electron-emit- 
ting device substrate 91 . Electrons are injected into the 
photoconductive member 95 in the number correspond- 
ing to the holes accumulated therein, and excessive 55 
electron beams return to the electron-emitting device 
substrate 91 to flow in the upper wires 94. In this way, 
signal current according to the holes generated in 



response to the incident light is outputted from a signal 
current amplifier. 

[0085] Next, the structure of the image pickup device 
of the present example will be described. Over the elec- 
tron-emitting device substrate 91, the anodic oxide lay- 
ers 93 are formed in regions except for the lead portions 
of wires on the lower electrode wires 92, and the upper 
wires 94 are formed perpendicularly to the lower elec- 
trode wires 92. Intersecting portions between the lower 
electrode wires 92 and the upper wires 94 constitute the 
electron-emitting regions similar to those in Figs. 1A 
and 1 B. The size of the electron-emitting device is 50 
urn square. The photoconductive member 95 is made of 
Se and the thickness thereof is 4 \xm. The separation 
between the electron-emitting device substrate 91 and 
the photoconductive member substrate 97 is 1 mm. 
[0086] A method for producing the image pickup 
device of the present example will be described below. 
The side of electron-emitting device substrate 91 was 
prepared in the same manner as in the example. Fur- 
ther, the photoconductive member 95 was deposited by 
a resistance heating evaporation method of Se. The 
electron-emitting device substrate and the photocon- 
ductive member substrate thus prepared were bonded 
to the unrepresented support frame. After the inside 
was evacuated through an exhaust pipe not illustrated, 
a hermetically closed container was formed. Then the 
image pickup device thus produced was operated 
based on the principle of operation described previously 
and the signal current was obtained in 1:1 correspond- 
ence to the size of the electron-emitting devices. The 
operation was thus confirmed. 

[Example 4 of the first embodiment] 

[0087] The present example is an example of con- 
struction of a display device in which a plurality of elec- 
tron-emitting devices, which were prepared in a method 
similar to that in Example 2, are placed in a two-dimen- 
sional array on a substrate. Figs. 10A and 1 0B are sche- 
matic views of the display device of the present 
invention. Fig. 1 0A is a schematic sectional view of the 
display device of the present invention and Fig. 1 0B is a 
plan view of the substrate on which the electron-emit- 
ting devices are placed. In Figs. 10A and 10B, numeral 
100 represents a rear plate, 101 an electron-emitting 
device substrate (an electron source substrate). 102 
lower electrodes (wires), 103 anodic oxide layers, 104 
upper electrodes (wires), 105 a metal back, 106 a fluo- 
rescent member, 107 a face plate, 108 a device voltage 
applying source, and 109 a high voltage supply for the 
anode. In Fig. 10A, the electron-emitting device sub- 
strate and the face plate are bonded to an unrepre- 
sented support frame to compose a hermetically closed 
container and the inside thereof is maintained in a high 
vacuum. Although Fig. 10A is illustrated so that one of 
the upper electrodes is connected to the device voltage 
applying source, it is noted that all the upper electrodes 
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are connected to the device voltage applying source. 
The fluorescent member 106 is formed in a stripe pat- 
tern in which black stripes divide fluorescent materials 
of R (red), G (green), and B (blue) not illustrated, from 
each other. 5 
[0088] Next described is the principle of the display 
device of the present example. In the display device of 
the present example, each electron-emitting device line 
in the two-dimensional array is selected by a scanning 
signal from the outside and electron beams are emitted io 
from the devices in the electron-emitting device line 
selected with being modulated by a modulation signal 
from the outside. The electron beams emitted diverge a 
little in the electron-emitting devices of the present 
invention. Thus, the electron beams are accelerated is 
without using a converging system of electron beam 
and are incident to the metal back/the fluorescent mem- 
ber to cause luminescence. An image is displayed in 
this way. 

[0089] The structure of the display device of the zo 
present example will be described below. Over the elec- 
tron-emitting device substrate 101 the anodic oxide lay- 
ers 103 are formed in regions except for the lead 
portions of wires on the lower electrode wires 102, and 
the upper wires 104 are formed perpendicularly to the 25 
lower electrode wires 102. Intersecting portions 
between the lower electrode wires 102 and the upper 
wires 104 constitute the electron-emitting devices simi- 
lar to that in Figs. 1A and 1B. The display device was 
composed of 200 x (160 x 3 (i.e., R, G, and B)) electron- 30 
emitting devices. Figs. 10A and 10B show those in part. 
The size of the electron-emitting device is 40 \im 
square. The fluorescent member 1 06 was high-acceler- 
ation fluorescent material P22 for CRT The separation 
between the electron-emitting device substrate 101 and 35 
the face plate 107 was 2 mm. The voltage of 5 kV was 
applied to the metal back 105. 

[0090] A method for producing the display device of 
the present example will be described below. 

40 

(Step 1 : step of forming the lower electrodes of the 
metal or the semiconductor on the substrate 101) 

[0091] The substrate was an n-type Si wafer. A plural- 
ity of stripes of P-type portions were formed in the n- 45 
type Si wafer. The stripes of the P-type portions function 
as the lower electrodes. 

(Step 2: step of anodizing the lower electrodes) 

50 

[0092] Using the apparatus of Fig. 4, the anodic oxi- 
dation operation was carried out in the aqueous solution 
of HF with the P-type portions of the Si wafer as anodes 
and Pt as a cathode, and thereafter the wafer was 
washed with water and then taken into the electrolytic 55 
tank of step 3. The anodic oxide layers were selectively 
formed in the stripes of the P-type portions. 



(Step 3: step of forming the electron-emitting bodies in 
the pores of the anodic oxide layers (under existence of 
organic material of liquid state)) 

[0093] This step is a step of forming the electron-emit- 
ting bodies in the pores of the anodic oxide layers by 
applying the voltage to the upper electrodes and lower 
electrodes under existence of an organic material of a 
liquid state. Using the apparatus similar to that of Fig. 4, 
electrolysis was brought about in the electrolyte solution 
of ethyl alcohol for one hour between the cathode of the 
lower electrode side and the anode. During the electrol- 
ysis the temperature of the solution was controlled at 60 
°C by heating the solution by the heater not illustrated. 
Then the substrate with the anodic oxide layers was 
washed well with water and thereafter dried in vacuum. 

(Step 4: step of forming the upper electrodes on the 
metal or semiconductor thus anodized) 

[0094] The upper electrodes were formed in the thick- 
ness of 10 nm by sputtering of Pt. 

(Step 5: stabilization step) 

[0095] The stabilization step was carried out in the 
same manner as in above Example 1 . 
[0096] The fluorescent materials of R, G, and B were 
formed in stripes on the face plate 107 and after filming 
thereof, the metal back 105 was deposited by evapora- 
tion. The electron-emitting device substrate 101 pre- 
pared as described above was placed on the rear plate 
100 and the face plate 107 was bonded to the unrepre- 
sented support frame. After the inside was evacuated 
through an exhaust pipe not illustrated, a hermetically 
closed container was constructed. 
[0097] Then the display device thus produced was 
operated based on the principle of operation described 
previously and it was verified that a bright image was 
displayed in high definition. 

[Second Embodiment] 

[0098] Fig. 11 A is a sectional view of the second 
embodiment. Fig. 11B is a partly enlarged, schematic 
view of part A in the sectional view of Fig. 11 A. The 
present embodiment uses the anodic oxide layer for the 
insulating layer. In Fig. 11A reference numerals are 
given in the similar fashion to those in Figs. 1 A and 1B. 
[0099] The substrate 1 to be employed herein can be 
selected from quartz glass, glass with a decreased con- 
tent of impurity such as Na, soda lime glass, a glass 
substrate obtained by depositing Si0 2 on soda lime 
glass by sputtering or the like, ceramics such as alu- 
mina, an Si substrate, an Si substrate with a deposited 
layer of Si0 2 , and so on. Particularly, when the sub- 
strate 1 is a semiconductor substrate, a driver or the like 
for driving the electron-emitting device can also be 
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mounted simultaneously. 

[0100] The lower electrode 2 is selected from metals, 
such as Al, Ta, Nb, Ti, Zr, Hf, or Si, and semiconductors 
that can undergo anodic oxidation. The thickness of the 
lower electrode 2 is properly determined according to 5 
the thickness of the anodic oxide layer, the electrical 
resistance of the lower electrode, and so on. The mate- 
rials for the lower electrode are not limited to only the 
metals that can be anodized, but they may also be of a 
stack form of a metal that cannot be anodized and a io 
metal that can be anodized. 

[0101] The anodic oxide layer 3 is formed by anodic 
oxidation of the lower electrode in part. In the anodic 
oxide layer 3 there exist regular or irregular pores 5. 
This will also be called porous structure in the present is 
specification. The regular or irregular pores 5 can be 
formed by selecting anodic oxidation conditions includ- 
ing a composition of an anodic oxidation bath, the tem- 
perature of the bath, the voltage, the time, etc., 
according to the material for the lower electrode 2. Pref- 20 
erably, the regular pores are selected. Diameters of the 
pores range from several ten nm to several hundred nm 
and depths thereof from several ten nm to several thou- 
sand nm. The density of the pores is 10 8 to 10 12 
pores/cm 2 . The shape of the pores is not limited only to 2s 
the circle, but the ellipse, square, etc. can also be 
applied to the electron-emitting devices of the present 
invention. The variety of shapes can also be formed 
using the focused ion beam or the like. Therefore, the 
expression "length of pore" will also be used in place of 30 
the diameter of pore in the present invention. In each 
pore 5, carbon 6 electrically connected to the lower 
electrode 2 is formed in a rim shape along the inner wall 
of pore. Electrons are emitted from the rim-shape part 
on the inner wall in each pore, thus achieving linear 35 
electron emission from each pore according to the 
shape of the pore. 

[0102] The carbon may also be formed in the similar 
fashion from the side of the upper electrode 4. 
[0103] There is a gap created between the carbon 40 
formed on the lower electrode 2, and the upper elec- 
trode or, in the case where the carbon is also formed 
from the side of the upper electrode 4, between the car- 
bon from the upper electrode 4 side and the carbon 
formed on the lower electrode 2. This gap is preferably 45 
several nm to several ten nm, and is properly deter- 
mined according to the time of the step of applying the 
voltage to the upper electrode and lower electrode 
under existence of the organic material detailed herein- 
after, the voltage applied, and so on. so 
[0104] The upper electrode is formed above the 
anodic oxide layer and is made preferably of a material 
having a high melting point, such as Pt, W, Mo, or Hf. 
[0105] Structural examples of the above electron- 
emitting device of the present invention will be explained ss 
using the schematic sectional views of Figs. 12A to 1 2D. 
In Figs. 12A to 12D, the same portions as those in Figs. 
11 A and 11B are denoted by the same reference 



numerals. In the figures reference numeral 7 designates 
an electroconductive member of metal or the like and 8 
a small gap between the upper electrode and the elec- 
tron-emitting bodies. There are four kinds of structures 
illustrated in Figs. 12A to 12D, but other structures may 
also be employed, without having to be limited to these 
illustrated structures. The following describes examples 
using the metal for the upper electrode and the lower 
electrode, but they may also be made of the semicon- 
ductor. 

[0106] The structure of Fig. 12A is metal (lower elec- 
trode) / metal oxide layer / pores, each having a rim- 
shape electron-emitting body 6 along the inner wall of 
pore / vacuum / metal (upper electrode) 4 formed in the 
regions except for the regions above the pores. The 
structure of Fig. 12B is metal (lower electrode) / pores, 
each having a rim-shape electron-emitting body 6 along 
the inner wail of pore / vacuum / metal (upper electrode) 
4 formed in the regions except for the regions above the 
pores. The structure of Fig. 12C is metal (lower elec- 
trode) / metal oxide layer / pores, each having a pole- 
shaped electroconductive member 7 and a rim-shape 
electron-emitting body 6 along the inner wall of pore / 
vacuum / metal (upper electrode) 4 formed in the 
regions except for the regions above the pores. The 
structure of Fig. 12D is metal (lower electrode) / pores, 
each having a pole-shaped electroconductive member 
7 and a rim-shape electron-emitting body 6 along the 
inner wall of pore / vacuum / metal (upper electrode) 4 
formed in the regions except for the regions above the 
pores. 

[0107] In the structures of Fig. 12A and Fig. 12C, the 
metal oxide layer 3 is obtained on the occasion of 
anodic oxidation of the lower electrode, and two struc- 
tural regions, a dense film structural region without 
pores and a film structural region with pores, can be 
obtained in this metal oxide layer 3, depending upon the 
anodic oxidation conditions. As illustrated in Fig. 12A 
and Fig. 12C, the formation of the dense film structural 
region of the above metal oxide layer between the lower 
electrode 2 and the electron-emitting bodies 6 in the 
pores results in forming a nonlinear device in the struc- 
ture of metal / insulator / rim-shape electron-emitting 
bodies, so as to impart the function of current limitation, 
which can prevent current fluctuation in discharge or the 
like on the occasion of driving the electron-emitting 
device of the present invention and which can in turn 
prevent damage to the electron-emitting device. A spe- 
cific production method of the above metal oxide layer 
will be described hereinafter, but it is first formed, for 
example, under conditions for forming the porous metal 
oxide and thereafter the thickness of the dense film 
structural region is adjusted in a widening step of pores 
described hereinafter. 

[0108] The structures of Fig. 12B and Fig. 12D do not 
have the metal oxide layer without the pores and the 
electron-emitting bodies (carbon) in the pores are elec- 
trically connected directly to the lower electrode. This 
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structure is constructed by anodizing the lower elec- 
trode, thereafter sufficiently widening the pores by the 
widening step of pores described hereinafter, and fur- 
ther forming the electron-emitting bodies (carbon) in the 
pores, whereby the lower electrode becomes electri- 5 
cally connected to the electron-emitting bodies. On this 
occasion, the metal oxide layer without the pores 
between the lower electrode and the metal oxide layer 
with the pores may be electrically broken by the pulse 
voltage applied in the step of forming the carbon in the w 
pores of the anodic oxide layer described hereinafter, so 
that the electron-emitting bodies are electrically con- 
nected to the lower electrode in some cases. 
[0109] In the structures of Fig. 12B and Fig. 12D, the 
electron-emitting device is also provided with the nonlin- is 
ear characteristics by tunneling between the electron- 
emitting bodies and the vacuum. In the structures of Fig. 
12C and Fig. 12D, there are the pole-shaped electro- 
conductive bodies and the rim-shaped electron-emitting 
bodies along the inner walls of pores, in the pores. In 20 
these cases, the conductive bodies decrease the resist- 
ance of the region from the lower electrode to the elec- 
tron-emitting bodies, so that the insulating layer can be 
formed in larger thickness, so as to decrease the capac- 
itance between the lower electrode and the upper elec- 25 
trode, which is advantageous in terms of driving. 
[0110] The electrical connection with the lower elec- 
trode can also be achieved in such a way that the metal 
is precipitated by alternating current into the pores of 
the anodic oxide film by the coloring method of the 30 
anodic oxide film conventionally well known whereupon 
the precipitating metal into the pores migrates into the 
dense anodic oxide film to implement the electrical con- 
nection. The above "vacuum" is one equivalent to the 
vacuum ambience in which the substrate with the elec- 35 
tron-emitting device formed thereon is set. 
[0111] In the electron-emitting device of the present 
invention described above, the carbon making the elec- 
tron-emitting bodies is preferably at least one of graph- 
ite, amorphous carbon, and diamondiike carbon, 40 
particularly, in terms of heat resistance, stability of elec- 
tron emission characteristics, and improvement in 
repeatability, as stated previously. 
[0112] Next described is an electron-emitting mecha- 
nism of the electron-emitting device of the present 45 
invention in the structural examples of Figs. 12Ato 12D. 
In the surface conduction electron-emitting device 
stated previously in the related background art, accord- 
ing to Japanese Laid-open Patent Application No. 9- 
8221 4, electrons are once emitted into the vacuum out- so 
side the anode from a certain position on the anode side 
(which is also called the higher potential side) of the fis- 
sure region, in the fissure region of the surface conduc- 
tion electron-emitting device. The electrons once 
emitted move in the electric field created by the cathode ss 
(which is also called the lower potential side) and the 
anode, and electrons flying over the singular point 
(hereinafter referred to as a stagnation point) of the 



electric field are attracted to the anode plate by the elec- 
tric field created by the voltage applied thereto. The 
electrons that do not reach the singular point of the elec- 
tric field drop onto the anode, and some of electrons are 
scattered here to be deflected and again emitted into 
the vacuum. Electrons moving over the singular point of 
the electric field as a result of repetition of this scattering 
also reach the anode plate. 

[01 1 3] It is described in the prior art application that, 
in order to largely increase the electron emission effi- 
ciency, the electric field needs to be set in such condi- 
tions that most of the electrons once emitted are 
attracted to the anode plate without dropping onto the 
anode in the above mechanism of electron emission 
and that the electron emission efficiency can be 
increased by providing the field correcting electrode 
outside the device electrode and applying a sufficiently 
higher voltage thereto than the voltage applied to the 
device for emission of electron. 

[0114] In contrast with it, in the case of the electron- 
emitting device of the present invention, when the 
higher potential is applied to the upper electrode and 
the lower potential than that to the upper electrode is 
applied to the lower electrode, a potential difference 
between them is placed in the small gap between the 
upper electrode 4 and the electron-emitting bodies 6. 
whereupon electrons are emitted from the electron- 
emitting bodies into the vacuum. Since a strong electric 
field is placed in the small gap corresponding to the fis- 
sure of the aforementioned prior art, the electrons emit- 
ted from the electron-emitting bodies 6 into the vacuum 
collide with the upper electrode 4 to be scattered, just as 
in the case of the surface conduction electron-emitting 
device described previously in the related background 
art. It is, however, assumed that, in the case of the elec- 
tron-emitting device of the present invention, the elec- 
trons reach the anode plate over the singular point of 
the electric field without repetition of scattering. 
[01 1 5] Fig. 13 is a diagram to show the principle of the 
electron-emitting device of the present invention. Fig. 13 
is a schematic sectional view of Fig. 12D. In Fig. 13 the 
portions denoted by the same reference numerals as 
those in Fig. 12D indicate the same portions. In the fig- 
ure, h indicates the distance between the electron-emit- 
ting device and the anode plate, d the length of pore, 
and Va the potential of the anode plate. 
[01 1 6] The following discussion is made with focusing 
attention on electrons emitted from the electron-emitting 
body 6 on one side. The electrons emitted from the 
electron-emitting body 6 into the vacuum collide with the 
upper electrode 4 because of the electric field placed in 
the small gap to be first scattered isotropically. Since the 
strong electric field from the upper electrode 34 present 
at the very close distance considerably decreases the 
stagnation point described above, as compared with 
that in the conventional surface conduction electron- 
emitting device, the electrons isotropically scattered 
reach the anode plate without repetitive scattering, 
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mostly after scattered only once. On the other hand, 
where the thickness of the upper electrode 4 is small, 
the electrons also reach the anode plate, mostly after 
scattered only once, without repetitive scattering. It is 
considered that the above accounts for the increase of 
the electron emission efficiency. 
101 17] An important factor for the effect of the electric 
field of the upper electrode opposite to the upper elec- 
trode 4 is the diameter of the aperture. Supposing the 
work function of the conductive electron-emitting body 
is 4 to 5.5 eV, the electric field for emission of electrons 
into the small gap is not less than 10 7 V/cm. When the 
stagnation point being the singular point of the electric 
field as defined in the aforementioned prior art is 
applied to the prior art electron-emitting device and the 
present invention, the distance Xs of the stagnation 
point without 34 is represented by the following equa- 
tion. 

Xs = h • Vf/(n • Va) 

On the other hand, the stagnation point Xs' with 34 is 
indicated by the following equation. 

Xs* = h • Vf/{* • Va + h • Vf/(rc • d)} 

Therefore, the smaller the diameter of the aperture, the 
more the stagnation point is constricted. Particularly, 
from the reason that the constriction effect of the stag- 
nation point can be expected even at the upper elec- 
trode voltage of several ten V, the diameter of the 
aperture is preferably not more than 0.5 \im and more 
preferably not more than 0.2 fim. Further, since the con- 
ductive electron-emitting body is present along the inner 
wall of pore, the wall in the pore is kept at one potential, 
which further constricts the aforementioned stagnation 
point. This further increases the electron emission effi- 
ciency. 

[0118] The effect of the formation of the rim-shape 
electron-emitting body on the electron emission effi- 
ciency can be expected before the depth of the pore 
indicating the same potential becomes nearly equal to 
the diameter of the pore. 

[01 1 9] Further, the thickness of the upper electrode is 
preferably as thin as possible in order to suppress the 
repetitive scattering and, from examples, the thickness 
is preferably not more than 0.2 \irr\ in terms of the effi- 
ciency. For specifying the condition by the thickness of 
the upper electrode, the small gap contributing to the 
emission of electrons has to be present at the edge of 
the upper electrode. From the viewpoint of suppressing 
the repetitive scattering, it corresponds to the distance 
from the small gap to the upper surface of the upper 
electrode. 

[0120] The driving voltage is a low driving voltage, 
because the gap is small. Since the direction of the volt- 
age to draw the electrons is coincident with the direction 
toward the anode plate, a spread of the electron beam, 



though scattered isotropically, is suppressed relatively. 
[0121] There are a variety of methods for producing 
the electron-emitting device described above, among 
which an example will be described referring to the step 
5 diagram of Fig. 14. 

(Step 1 ) Step of forming the lower electrode of the metal 
or the semiconductor on the substrate 

io [01 22] The substrate 1 is cleaned well with detergent, 
pure water, and organic solvent or the like, the material 
for the lower electrode is deposited by vacuum evapora- 
tion, sputtering, or the like, and thereafter the lower 
electrode 2 is formed on the substrate, for example, by 

75 the photolithography technology. The lower electrode 
may also be formed by electrolytic crystallization. 

(Step 2) Step of anodizing the lower electrode 

20 [0123] An anodic oxidation system will be first 
described herein using the conceptual drawing thereof 
illustrated in Fig. 15. Numeral 51 denotes an anodic oxi- 
dation tank, 52 an anodic oxidation electrolyte solution, 
53 an electrode, 54 an anodic oxidation power supply, 

25 55 a temperature controller for controlling the tempera- 
ture of the anodic oxidation electrolyte solution 52, 56 a 
vessel for water circulating in the temperature controller, 
and 57 the circulating water for control of temperature. 
[01 24] The anodic oxidation electrolyte solution 52 for 

30 the metal such as Al is an aqueous solution of one 
selected from inorganic acids such as sulfuric acid, sul- 
famic acid, and phosphoric acid, and organic acids such 
as oxalic acid, malonic acid, and succinic acid, and the 
substance added thereto as solvent is polyhydric alco- 

35 hol such as ethylene glycol, glycerin, or dextrin. On the 
other hand, the electrolyte solution for Si is an aqueous 
solution of HF. Further, an oxidation process such as 
thermal oxidation may be further added. 
[0125] The electrode 53 is the metal such as Pt. The 

40 anodic oxidation of the lower electrode is effected by 
energization from the power supply 54 with the elec- 
trode 53 as a cathode and the substrate 1 with the lower 
electrode formed thereon, as an anode. The geometri- 
cal structure of the anodic oxide layer can be controlled 

45 by production conditions. Specifically, the spacing 
between the pores can be controlled by the anodic oxi- 
dation voltage, the depths of the pores by the anodic 
oxidation time, and the diameters of the pores by such 
conditions as the composition of the electrolyte solution, 

so the voltage, the current. Further, control of the regular 
pores or the irregular pores can also be made by control 
of these conditions. 

[0126] Next, the substrate with the anodic oxide layer 
formed thereon is dipped in the anodic oxidation elec- 
55 trolyte solution or the like to adjust the diameter of the 
pores and the thickness of the dense oxide film. (This 
step will be called widening.) Then the substrate is 
washed well with water and then dried in vacuum. 
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(Step 3) Step of forming the upper electrode on the 
metal or the semiconductor thus anodized 

[0127] The upper electrode is formed in the thickness 
of not more than 200 nm in the same manner as the s 
lower electrode was. 

(Step 4) Step of forming the electron-emitting bodies in 
the pores of the anodic oxide layer (under existence of 
organic material of gas state) 10 

[0128] This step is a step of forming carbon in the 
pores of the aforementioned anodic oxide layer by 
applying the voltage to the upper electrode and lower 
electrode under existence of the organic material of a is 
gas state. The carbon formed in this step is, for exam- 
ple, graphite (including so-called HOPG, PG, and GC). 
HOPG indicates the almost perfect graphite crystal 
structure. PG somewhat disordered crystal structure 
having crystal grains of 20 nm or so, and GC more dis- 20 
ordered crystal structure having the crystal grains of 2 
nm or so. In addition, the carbon herein may also be 
non-crystalline carbon (which means amorphous car- 
bon and, a mixture of amorphous carbon with fine crys- 
tals of the aforementioned graphite). 2s 

[Example 1 of the second embodiment] 

[0129] The electron-emitting devices were produced 
in the same structure as in Figs. 7A and 7B. 30 
[01 30] Production steps of the present example will be 
described specifically referring to Fig. 14. 

(Step 1 : step of forming the lower electrodes of metal on 
substrate) 35 

[0131] The substrate 1 was prepared by depositing 
Si0 2 in the thickness of 1 iim on soda lime glass and the 
substrate 1 was washed well with detergent, pure water, 
and organic solvent or the like. Then the material of Al 40 
for the lower electrodes was deposited in the thickness 
of 500 nm on the substrate by sputtering and thereafter 
the lower electrode wires 71 were formed in stripes on 
the substrate 1 by the photolithography technology. For 
using parts of the lower lead wires 71 as terminals, they 45 
were covered with a known mask resin for plating. 

(Step 2: step of anodizing the lower electrodes) 

[01 32] Using the apparatus of Fig. 1 5, the anodic oxi- so 
dation was carried out to anodize parts of the Al lower 
electrodes prepared in (step 1). The anodic oxidation 
electrolyte solution 52 was an aqueous solution of 
oxalic acid 30 g/l. The electrode 53 was the Pt elec- 
trode. The anodic oxidation was carried on at 5 °C for ss 
five minutes by the constant voltage of 40 V from the 
power supply 55 with the cathode of the electrode 53 
and the anode of the lower wires 71 provided on the 



substrate 1 . On this occasion, the initial current density 
was 300 mA/cm 2 , but the current density decreased 
with progress of the anodic oxidation and thereafter 
increased once to be saturated. Then the substrate with 
the anodic oxide layers was immersed in an aqueous 
solution of phosphoric acid for thirty minutes to remove 
the dense anodic oxide layer and thereafter washed well 
with water. 

(Step 3: step of forming columnar metal in the pores of 
the anodic oxide layers) 

[0133] Formation of the columnar metal in the pores 
was carried out using the system of Fig. 16. 
[0134] In Fig. 16, portions with the same reference 
numerals as those in Fig. 15 indicate like portions. 
Numeral 91 represents a counter electrode for electro- 
lytic deposition of metal, which is a counter electrode 
made of an inactive electrode such as carbon or Pt or 
the same material as the electrodeposited metal. 
Numeral 92 indicates a container for a metal elec- 
trodeposition liquid, 93 a power supply for electrodepo- 
sition. and 94 an electrodeposition solution containing 
the metal. 

[01 35] In this step Ni was electrodeposited by the con- 
stant current at the current density of 1 mA/cm 2 , using 
the Pt electrode as the counter electrode 91 and 5 % 
NiS0 4 and 4 % H3BO3 as the electrodeposition solution 
94 containing the metal. An electrodeposition amount of 
columnar Ni was controlled by time and the columnar Ni 
was formed in each pore. The electrodeposition time 
was 100 seconds. 

(Step 4: step of forming the upper electrode on the 
metal or the semiconductor thus anodized) 

[0136] The upper electrode 82 was formed in the 
thickness of 10 nm in the same manner as the lower 
electrodes were. 

(Step 5: step of forming carbon in the pores of the 
anodic oxide layers (under existence of organic material 
of gas state)) 

[0137] The substrate 1 was set in the vacuum cham- 
ber also serving as a measuring device and the voltage 
was applied to the upper electrode and lower electrodes 
under an ambience containing gas of benzonitrile at 10" 
4 Pa. In step 5, three devices out of the five devices 
were processed by applying the rectangular waves of 
the voltage waveform having the pulse width T1 of 1 ms 
and the pulse spacing T2 of 10 ms in the pulse wave- 
form of Fig. 6A with the lower electrode side at the 
higher potential for twenty minutes. After that, the upper 
electrode side was kept at the higher potential and the 
voltage was applied for 20 minutes. Further, the current 
of the devices was monitored at the same time. The 
voltage was 17 V The two remaining devices out of the 
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five devices were processed similarly by applying the 
voltage of 1 7 V in the pulse waveform of Fig. 6B for 20 
minutes. 

(Step 6: stabilization step) 

[01 38] Then the benzonitrile gas was exhausted suffi- 
ciently and thereafter the system was evacuated for two 
hours while being heated at 300 °C. 
[01 39] Then the substrate was set in the vacuum proc- 
ess system of Fig. 5 and the voltage was applied to the 
lower electrode and upper electrode of each device, and 
to the anode electrode to measure the currents (the 
device current and emission current) and the device 
voltage characteristics. Further, electron beams were 
observed by luminescence of the fluorescent member 
placed at the anode. After the measurements, the sam- 
ple thus formed was then observed with the electron 
microscope, TEM, and so on. 

[0140] The device current and emission current both 
of each device demonstrated the monotonically increas- 
ing characteristics over their threshold. The current was 
negligible below the threshold (called Vth). Values of 
emission current of the devices obtained with applica- 
tion of the pulses of Fig. 6A were equivalent to those of 
the devices obtained with application of the pulses of 
Fig. 6B and, therefore, their emission efficiencies were 
also equivalent. 

[0141] In observation with the electron emission, the 
regular pores were observed in the anodic oxide layers. 
The density of the pores was 1 x 10 9 pores/cm 2 . 
[0142] Further, cross-sectional samples were pre- 
pared and the inside of the pores was observed. The 
cross sections of the devices were as illustrated in Fig. 
17A and Fig. 17B. In Figs. 17A and 17B, the same ref- 
erence symbols as those in Figs. 12A to 12D denote like 
portions. Fig. 17A is a cross section of the devices in 
which carbon was formed by applying the pulses of Fig. 
6A in step 5, while Fig. 17B is a cross section of the 
devices in which carbon was formed by applying the 
pulses of Fig. 6B in step 5. Numeral 111 indicates the 
carbon formed on the upper electrode side. 
[0143] As illustrated in Fig. 17A, where the carbon 
was formed with application of the pulses of Fig. 6A, the 
Ni metal was deposited in the columnar shape 1 10 nm 
high in the pores from the lower electrode 2 of Al and 
rim-shape amorphous carbon was further formed along 
the inner walls of the pores on the top surface of colum- 
nar Ni. Further, amorphous carbon was also formed 
similarly on the side of the upper electrode 4. A small 
gap was formed between the carbon on the upper elec- 
trode 4 side and the carbon on the lower electrode 2 
side and the gap was formed at the edge of the upper 
electrode. The gap was several nm. The thickness of 
the anodic oxide film was 150 nm. 
[0144] On the other hand, where the carbon was 
formed with application of the pulses of Fig. 6B, as illus- 
trated in Fig. 17B, the Ni metal was deposited in the 



columnar shape in the pores on the lower electrode 2 of 
Al and rim-shape amorphous carbon was further 
formed along the inner walls of the pores on the top sur- 
face of columnar Ni. Further, amorphous carbon was 

5 also formed similarly on the side of the upper electrode 
4. The carbon was formed to the position 20 nm apart 
from the bottom surface of the upper electrode and a 
small gap was formed between the two carbon layers. 
The gap was several nm. 

w [0145] The above proved the following. First, the rim- 
shape carbon is formed along the inner walls of the 
pores, because the deposition rate is controlled under 
the low partial pressure on the top surface of the colum- 
nar metal layer formed in the pores of the anodic oxide 

75 layer which is obtained by anodic oxidation of the metal. 
Second, the small gap of several nm is formed between 
the carbon films on the upper electrode side and on the 
lower electrode side. Third, the emission current and 
electron emission efficiency are equivalent as long as 

20 the small gap is located in the range of 20 nm from the 
bottom surface of the upper electrode. Since the dis- 
tance from the gap to the top surface of the upper elec- 
trode is 30 nm including the thickness of the upper 
electrode in the both examples, the probability is 

25 assumed to be low of loss of the electrons emitted from 
the lower electrode side, in the pores. Fourth, the stabi- 
lization step enables the device current and emission 
current to demonstrate the monotonically increasing 
characteristics without occurrence of the voltage-con - 

30 trolled negative resistance characteristics, or the VCNR 
characteristics. 

[Example 2 of the second embodiment] 

35 [0146] In the present example the substrate was con- 
structed in the device layout similar to Example 1 of the 
second embodiment. The upper electrode was formed 
in a variety of thicknesses and influence thereof was 
investigated. Step 1 to step 3, and step 6 were carried 

40 out in the same manner as in Example 1 . The descrip- 
tion of step 1 to step 3, and step 6 will be omitted herein 
and only steps 4 and 5 will be described in detail. 

(Step 1 : step of forming the lower electrodes of metal on 
45 the substrate) 

[0147] This step was carried out in the same manner 
as step 1 of Example 1 . 

so (Step 2: step of anodizing the lower electrodes) 

[0148] This step was carried out in the same manner 
as step 2 of Example 1 . 

55 (Step 3: step of forming columnar metal in the pores of 
the anodic oxide layers) 

[0149] This step was carried out in the same manner 
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as step 3 of Example 1 . 

(Step 4: step of forming the upper electrode on the 
metal or the semiconductor thus anodized) 

[0150] The upper electrode 72 was formed in either of 
four thicknesses of 5. 1 0, 1 00, and 500 nm on each sub- 
strate in the same manner as the lower electrodes, thus 
forming four substrates. 

(Step 5: step of forming carbon in the pores of the 
anodic oxide layers (under existence of organic material 
of gas shape)) 

[0151 ] Each substrate 1 was set in the vacuum cham- 
ber also serving as a measuring device and the voltage 
was applied to the upper electrode and lower electrode 
under an ambience containing gas of benzon'rtrile at 10" 
4 Pa. Three devices out of the five devices were proc- 
essed by applying the rectangular waves of the voltage 
waveform having the pulse width T1 of 1 ms and the 
pulse spacing T2 of 1 0 ms in the pulse waveform of Fig. 
6A for fifteen minutes with the lower electrode side at 
the higher potential. After that, the upper electrode was 
kept at the higher potential and the voltage was applied 
for five minutes. At the same time, the current of device 
was monitored. The voltage was 15 V. 

(Step 6: stabilization step) 

[0152] This step was carried out in the same manner 
as step 2 of Example 1 . 

[0153] Next, each substrate was set in the vacuum 
process system of Fig. 5 and the voltage was applied to 
the lower electrode and upper electrode of each device, 
and to the anode electrode to measure the currents (the 
device current and emission current) and the device 
voltage characteristics. Further, the electron beam was 
observed by luminescence of the fluorescent member 
placed at the anode. 

[0154] Fig. 18 shows the relation between thickness 
of the upper electrode and emission efficiency. As 
shown in Fig. 18, the electron emission efficiency did 
not decrease below the thickness of about 200 nm and 
then decreased with increasing thickness of the upper 
electrode over 200 nm. The electron emission efficiency 
is defined as a ratio of emission current to device cur- 
rent. Further, the beam size also decreased. 
[0155] In observation of the form of the upper elec- 
trode, particularly, in the case of the upper electrode 
having the large thickness, where the thickness was 
greater than the diameter of the pores, the inside of the 
pores was also covered in part. When the small gap 
was observed with section TEM, the small gap was 
formed at the edge of the bottom surface of the upper 
electrode in either sample, as in Example 1 . 
[0156] The above verified the following. First, the 
small gap is formed at the edge of the upper electrode, 



irrespective of the thickness of the upper electrode. 
Second, the emission current and electron emission 
efficiency decrease, depending upon the thickness of 
the upper electrode. This is assumed to be due to the 
5 high probability of loss at the upper electrode of the 
porous shape, of the electrons emitted from the lower 
electrode side. 

[Example 3 of the second embodiment] 

10 

[01 57] In the present example the substrate was con- 
structed in the device layout similar to Example 1 of the 
second embodiment. In the present example, Si02 was 
used as the insulating layer instead of the anodic oxide 
is layer of aluminum in Example 1 . Production steps of the 
present example will be described specifically. 

(Step 1 : step of forming the lower electrodes of metal on 
the substrate) 

20 

[01 58] The substrate 1 was prepared by depositing 
Si0 2 in the thickness of 1 urn on soda lime glass and 
then the substrate 1 was washed well with detergent, 
pure water, and organic solvent or the like. The material 
25 Pt for the lower electrode was deposited in the thickness 
of 500 nm on the substrate by sputtering and thereafter 
the lower electrode wires 71 were formed in stripes on 
the substrate 1 by the photolithography technology. 

30 (Step 2: step of forming the insulating layer) 

[01 59] Next, Si0 2 was deposited in the thickness of 50 
nm by sputtering. 

35 (Step 3: step of forming the upper electrode on the insu- 
lating layer) 

[01 60] The upper electrode 72 was made of Pt in the 
thickness of 10 nm in the same manner as the lower 
40 electrodes were. 

(Step 4: step of forming the pores in the insulating layer) 

[01 61 ] In the stack structure of lower electrode / Si0 2 
45 I upper electrode as described above, four types of 
pores were formed as follows by the focused ion beam 
method; (the diameter 50 nm and the pitch 100 nm of 
the pores), (the diameter 200 nm and the pitch 400 nm 
of the pores), (the diameter 500 nm and the pitch 1000 
so nm of the pores), and (the diameter 1000 nm and the 
pitch 2000 nm of the pores). Here, the pitch is a dis- 
tance between centers of adjacent pores. 

(Step 5: step of forming carbon in the pores of the insu- 
55 lating layer (under existence of organic material of gas 
shape)) 

[0162] The substrate 1 was set in the vacuum cham- 
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ber also serving as a measuring device and the voltage 
was applied to the upper electrode and lower electrode 
under an ambience containing gas of benzonitrile at 10" 
4 Pa. The rectangular waves of the voltage waveform 
having the pulse width T1 of 1 ms and the pulse spacing 
T2 of 10 ms in the pulse waveform of Fig. 6A were 
applied for fifteen minutes and then the lower electrode 
side was kept at the higher potential for five minutes. 

(Step 6: stabilization step) 

[01 63] Then the benzonitrile gas was exhausted suffi- 
ciently and thereafter the system was evacuated for two 
hours while being heated at 300 °C. 
[01 64] Then the substrate was set in the vacuum proc- 
ess system of Fig. 5 and the voltage was applied to the 
lower electrode and upper electrode of each device, and 
to the anode electrode to measure the currents (the 
device current and emission current), and the device 
voltage characteristics. 

[0165] The electron emission efficiency was depend- 
ent upon the diameter of the pores as illustrated in Fig. 
19, and the electron emission efficiency increased with 
decreasing diameter of pore. 

[Example 4 of the second embodiment] 

[01 66] The present example is an example of applica- 
tion to the image pickup device of Figs. 9A and 9B 
described previously, in which a plurality of electron- 
emitting devices prepared by the same method as in 
Example 1 of the second embodiment are placed in a 
two-dimensional array on the substrate. 
[0167] The production method of the image pickup 
device of the present example is the same as in the first 
embodiment. The image pickup device produced in this 
way was operated based on the principle of operation 
stated previously, whereupon the signal current was 
obtained in 1:1 correspondence to the size of the elec- 
tron-emitting device, thereby verifying the operation. 

[Example 5 of the second embodiment] 

[0168] The present example is an example of con- 
struction of the display device of Figs. 10A and 10B 
described previously, in which a plurality of electron- 
emitting devices produced by the same method as in 
Example 1 of the second embodiment are arrayed in a 
two-dimensional pattern on the substrate. The produc- 
tion method of the display device of the present exam- 
ple is the same as in the first embodiment. The display 
device produced in this way was operated based on the 
principle of operation discussed previously, and a bright 
image was displayed in high definition. 

[Third Embodiment] 

[0169] Fig. 20A is a sectional view of the electron- 
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emitting device of the present embodiment. Fig. 20B is 
a partly enlarged, schematic view of part A in the sec- 
tional view of Fig. 20A. The present embodiment is 
application of the anodic oxide layer to the insulating 
5 layer. Figs. 21 A to 21 D illustrate respective electron- 
emitting devices having a variety of electron-emitting 
bodies. Figs. 22A and 22B show other structural exam- 
ples. 

[0170] In Figs. 20A and 20B and Figs. 21 A to 2 ID, 
10 numeral 1 denotes a substrate, 2 an upper electrode, 3 
an anodic oxide layer, 4 an upper electrode, 5 pores of 
the porous structure, 6 electron-emitting bodies, and 
207 a small gap. 

[0171] The substrate 1 to be employed herein can be 
75 selected from quartz glass, glass with a decreased con- 
tent of impurity such as Na, soda lime glass, a glass 
substrate obtained by depositing Si0 2 on soda lime 
glass by sputtering or the like, ceramics such as alu- 
mina, an Si substrate, an Si substrate with a deposited 
20 layer of Si0 2 , and so on. Particularly, when the sub- 
strate 1 is a semiconductor substrate, a driver or the like 
for driving the electron-emitting device can also be 
mounted simultaneously. 

[0172] The lower electrode 2 is selected from metals, 
25 such as Al, Ta, Nb, Ti, Zr, Hf, or Si, and semiconductors 
that can undergo anodic oxidation. The thickness of the 
lower electrode 2 is properly determined according to 
the thickness of the anodic oxide layer, the electrical 
resistance of the lower electrode, and so on. The mate- 
30 rials for the lower electrode are not limited to only the 
metals that can be anodized, but they may also be of a 
stack form of a metal that cannot be anodized and a 
metal that can be anodized. 

[0173] The anodic oxide layer 3 is formed by anodic 

35 oxidation of the lower electrode in part. In the anodic 
oxide layer 3 there exist regular or irregular pores 5. 
This will also be called porous structure in the present 
specification. The regular or irregular pores 5 can be 
formed by selecting anodic oxidation conditions includ- 

40 ing a composition of an anodic oxidation bath, the tem- 
perature of the bath, the voltage, the time, etc., 
according to the material for the lower electrode 2. Pref- 
erably, the regular pores are selected. Diameters of the 
pores range from several ten nm to several hundred nm 

45 and depths thereof from several ten nm to several thou- 
sand nm. The density of the pores is 10 8 to 10 12 
pores/cm 2 . The shape of the pores is not limited only to 
the circle, but the ellipse, square, etc. can also be 
applied to the electron-emitting devices of the present 

so invention. The variety of shapes can also be formed 
using the focused ion beam or the like. Therefore, the 
expression "length of pore" will also be used in place of 
the diameter of pore in the present invention. Each pore 
5 has carbon of an electron-emitting body 6 electrically 

55 connected to the lower electrode 2. 

[0174] The electron-emitting bodies can be formed in 
a variety of forms. The upper electrode 4 is kept at the 
higher potential than the lower electrode 2 is, so as to 
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create a locally high electric field in the electron-emitting 
bodies, thereby causing electrons to tunnel from the 
electron-emitting bodies into the vacuum. The above 
"vacuum" is equivalent to the vacuum ambience in 
which the substrate with the electron-emitting device 5 
formed is set. 

[0175] Fig. 21 A is an example in which needlelike 
electrodes are provided in the pores. The needlelike 
electrodes are equivalent to those called the Spindt type 
stated previously. 10 
[0176] Fig. 21 B is an example in which small particles 
are provided in the pores. Grains of the small particles 
correspond to the tips of the needlelike electrodes of 
Fig. 21 A. 

[0177] Since in the electron-emitting bodies of Figs. 75 
21 A and 21 B the local electric field is strong and the 
thickness of the vacuum part is large, the capacitance 
can be relatively lower than in the structures of Figs. 
21 C and 21 D described below. 

[0178] Fig. 21 C is an example in which a high electric 20 
field is created in a small gap 207 between a rim-shape 
conductive body formed along the inner wall of each 
pore and the upper electrode to emit electrons. Since 
the electron-emitting bodies are formed in the rim shape 
or the linear shape along the inner walls of the pores, 25 
the area capable of emitting electrons can be increased 
considerably, as compared with the structure of Fig. 
21 A, so that large electron emission current can be 
obtained. 

[0179] Fig. 21 D is an example in which the electron- 30 
emitting bodies 6 are conductive bodies of the columnar 
shape formed in the pores and in which a high electric 
field is created in a small gap 207 between the columnar 
conductive bodies 6 and the upper electrode to emit 
electrons. Since the electron-emitting bodies are of the 35 
rim shape or the linear shape along the inner walls of 
the pores, the area capable of emitting electrons can be 
increased considerably, as compared with the structure 
of Fig. 21 A, so that large electron emission current can 
be obtained. 40 
[0180] The upper electrode is formed on the anodic 
oxide layer, and the electron-transmitting portions 
above the pores are preferably made of a conductive 
material with excellent electron transmission character- 
istics and heat resistance and particularly preferably 45 
made of carbon or the like. Here, the "carbon" means a 
carbon material having at least one of graphite, amor- 
phous carbon, and diamondlike carbon. 
[0181 ] In order that the upper electrode can cover the 
apertures of the pores, the thickness of the upper elec- so 
trode is set to be not less than 0.5 x L where L is the 
length of the pores. 

[0182] Letting k stand for the mean free path of trans- 
mission of electrons, the thickness of the upper elec- 
trode is not more than 2k for efficient transmission. In ss 
general, electron transmittance T is expressed by the 
following. 



T = Aexp (-t/X) 

In the above equation, A represents a constant and t the 
thickness of the upper electrode. From the above equa- 
tion, the transmittance of not less than 10 % of injected 
electrons can be expected if the thickness of the upper 
electrode is not more than 2k. In the above equation, 
the mean free path a can be calculated from depend- 
ence of emission current on the thickness of the upper 
electrode. 

[0183] For example, in the case of the carbon, which 
is the particularly preferred material in the present 
invention, the above requirements simultaneously 
determine preferred ranges for the thickness of the 
upper electrode and for the length of the pores; for 
example, when the thickness of the upper electrode is 
50 nm, the length of the pores is not more than 100 nm. 
[0184] The thickness of the upper electrode on the 
insulating layer may be different from the thickness of 
the upper electrode portions that transmit electrons 
above the pores and they are properly determined from 
the needs in the production process and the like. 
[0185] The other structural examples of the electron- 
emitting device of the present invention will be 
described using the schematic sectional views of Figs. 
22A and 22B. As the structure of the electron-emitting 
bodies 6, the example of Fig. 21 A will be used, but, with- 
out having to be limited to this structure, either one of 
the structures of the electron-emitting bodies of Figs. 
21 B, 21C, 21 D, etc. can also be employed. 
[0186] Fig. 22A is an example in which the conductive 
bodies 8 of the columnar shape and the electron-emit- 
ting bodies 6 are provided in the pores, in this case, 
existence of the conductive bodies 8 decreases the 
resistance of the region from the lower electrode to the 
electron-emitting bodies, so that the insulating layer can 
be formed in a sufficiently large thickness. This can 
decrease the capacitance between the lower electrode 
and the upper electrode, which is advantageous in driv- 
ing. 

[0187] Fig. 22B is an example in which an insulating 
layer of a thickness permitting tunneling is provided 
between the lower electrode 2 and the electron-emitting 
bodies 6 in the pores, thereby forming a nonlinear 
device of metal/insulating layer/ carbon. This structure 
imparts the function of current limitation. This structure 
can prevent current fluctuation due to discharge or the 
like and in turn prevent damage to the electron-emitting 
device during driving of the electron-emitting device of 
the present invention. A specific production method for 
producing the insulating metal oxide layer in the thick- 
ness permitting tunneling will be described hereinafter. 
[0188] There are a variety of methods for producing 
the above electron-emitting device, among which an 
example is schematically illustrated in the production 
step diagram of Fig. 23. An example of the production 
method of the electron-emitting device of Fig. 21 D will 
be described referring to Fig. 23. 
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(Step 1 ) Step of forming the lower electrode of the metal 
or the semiconductor on the substrate 

[0189] The substrate 1 is cleaned well with detergent, 
pure water, and organic solvent or the like, the material 
for the lower electrode is deposited by vacuum evapora- 
tion, sputtering, or the like, and thereafter the lower 
electrode 2 is formed on the substrate, for example, by 
the photolithography technology. The lower electrode 
may also be formed by electrolytic crystallization. 

(Step 2) Step of anodizing the lower electrode 

[0190] The anodic oxidation system will be first 
described herein using the conceptual drawing thereof 
illustrated in Fig. 15. Numeral 51 denotes an anodic oxi- 
dation tank, 52 an anodic oxidation electrolyte solution, 
53 an electrode, 54 an anodic oxidation power supply, 
55 a temperature controller for controlling the tempera- 
ture of the anodic oxidation electrolyte solution 52, 56 a 
vessel for water circulating in the temperature controller, 
and 57 the circulating water for control of temperature. 
[01 91 ] The anodic oxidation electrolyte solution 52 for 
the metal such as Al is an aqueous solution of one 
selected from inorganic acids such as sulfuric acid, sul- 
famic acid, and phosphoric acid, and organic acids such 
as oxalic acid, malonic acid, and succinic acid, and the 
substance added thereto as solvent is polyhydric alco- 
hol such as ethylene glycol, glycerin, or dextrin. On the 
other hand, the electrolyte solution for Si is an aqueous 
solution of HF. Further, an oxidation process such as 
thermal oxidation may be further added. 
[0192] The electrode 53 is the metal such as Pt. The 
anodic oxidation of the lower electrode is effected by 
energization from the power supply 54 with the elec- 
trode 53 as a cathode and the substrate 1 as an anode. 
The geometrical structure of the anodic oxide layer can 
be controlled by production conditions. Specifically, the 
spacing between the pores can be controlled by the 
anodic oxidation voltage, the depths of the pores by the 
anodic oxidation time, and the diameters of the pores by 
such conditions as the composition of the electrolyte 
solution, the voltage, the current. Further, control of the 
regular pores or the irregular pores can also be made by 
control of these conditions. 

[0193] Next, the substrate with the anodic oxide layer 
formed thereon is dipped in the anodic oxidation elec- 
trolyte solution or the like to adjust the diameter of the 
pores and the thickness of the dense oxide film. (This 
step will be called widening.) Then the substrate is 
washed well with water and then dried in vacuum. 

(Step 3) Step of forming the upper electrode on the 
metal or the semiconductor thus anodized 

[0194] The upper electrode is formed in the thickness 
of several nm to several ten nm in the same manner as 
the lower electrode was. 



(Step 4) Step of forming the electron-emitting bodies in 
the pores of the anodic oxide layer (under existence of 
organic material of gas state) 

5 [0195] This step is a step of forming carbon in the 
pores of the aforementioned anodic oxide layer by 
applying the voltage to the upper electrode and lower 
electrode under existence of the organic material of a 
gas state. The carbon formed in this step is, for exam- 

w pie, graphite (including so-called HOPG, PG, and GC). 
HOPG indicates the almost perfect graphite crystal 
structure, PG somewhat disordered crystal structure 
having crystal grains of 20 nm or so, and GC more dis- 
ordered crystal structure having the crystal grains of 2 

15 nm or so. In addition, the carbon may also be non-crys- 
talline carbon (which means amorphous carbon and, a 
mixture of amorphous carbon with fine crystals of the 
aforementioned graphite). Accordingly, the carbon is 
one similar to the upper electrode as described above. 

20 [01 96] The preferred gas pressure of the organic sub- 
stance for formation of the carbon differs depending 
upon the aforementioned application form, the shape of 
the vacuum vessel, the type of the organic substance, 
and so on and is thus properly determined according to 

25 the circumstances. An appropriate organic substance 
can be selected from aliphatic hydrocarbons of alkane, 
alkene, and alkyne, aromatic hydrocarbons, alcohols, 
aldehydes, ketones, amines, organic acids such as phe- 
nol, carboxylic acid, and sulfonic acid, and so on. Spe- 

30 crfic examples of such substances include saturated 
hydrocarbons represented by C n H 2n+2 such as meth- 
ane, ethane, and propane, unsaturated hydrocarbons 
represented by the composition formula of C n H 2n or the 
like such as ethylene and propylene, benzene, toluene, 

35 methanol, ethanol, formaldehyde, acetaldehyde. ace- 
tone, methyl ethyl ketone, methylamine, ethylamine, 
phenol, formic acid, acetic acid, propionic acid, and so 
on. 

[0197] The organic gas is also selected according to 
40 the diameter of the pores formed in the anodic oxide 
layer. This is because adsorption of the organic gas is 
also dependent on the diameter of the pores. 
[0198] During this process carbon is deposited from 
the organic substance present in the ambience into the 
45 pores in the anodic oxide layer, whereby the device cur- 
rent If and emission current le change remarkably. 
[0199] Completion of this step is determined while 
measuring either one of the device current If and the 
emission current le or the both. 
so [0200] The apertures of the upper electrode 4 above 
the pores can also be formed in the initial stage of appli- 
cation of the above voltage pulses in this step. 

(Step 5) Stabilization step 

55 

[0201 ] This step is a step for stabilizing the character- 
istics of the electron-emitting device thus produced. 
This step is necessary, particularly, where the formation 
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of the electron-emitting bodies is carried out according 
to step 4) described above. This step is a step of remov- 
ing intermediate products of the organic material and 
also removing the organic gas, water, oxygen, etc. 
adsorbing to the substrate etc. from the carbon in the 
pores of the anodic oxide layer in the above step, 
whereby the step can impart to the device such a prop- 
erty that the device current and the emission current 
monotonically increase above a certain threshold 
against the voltage applied to the device. This step is a 
step of exhausting the organic substance in the vacuum 
vessel and the evacuation apparatus for evacuating the 
vacuum vessel is preferably one not using oil in order to 
avoid influence of the oil from the apparatus on the char- 
acteristics of the device. Specifically, the evacuation 
apparatus can be selected from a sorption pump, an ion 
pump, and so on. 

[0202] The partial pressure of the organic component 
in the evacuation apparatus is set to a partial pressure 
under which there is little carbon or carbon compound 
newly deposited, and is preferably not more than 1x10* 
8 Torr and particularly preferably not more than 1x10' 
10 Torr. It is further preferred that the whole of the vac- 
uum apparatus be heated during evacuation of the 
inside of the vacuum apparatus so as to facilitate 
removal of molecules of the organic substance adsorb- 
ing to the inner wall of the vacuum apparatus and to the 
electron-emitting device. The heating condition at this 
time is desirably the temperature of 150 to 300 °C and 
the heating time of not less than several hours, but the 
heating condition is not limited particularly to this condi- 
tion. 

[0203] The ambience during driving after completion 
of the stabilization step is preferably maintained in the 
ambience at the end of the above stabilization opera- 
tion, but it is not limited to this. Sufficient characteristics 
can be maintained by an ambience from which the 
organic substance is removed adequately but the vac- 
uum degree of which is a little degraded. 
[0204] By employing such a vacuum ambience, depo- 
sition of new carbon substance can be suppressed, 
whereby the device current If and emission current le 
are stabilized as a result. 

(Step 6) Step of forming the upper electrode 4 

[0205] Using a target of graphite, amorphous carbon, 
or the like, graphite, amorphous carbon, or the like is 
deposited on the pores and on the upper electrode 4 by 
sputtering or the like. 

[0206] Further, the stabilization step of step 5 is car- 
ried out, whereby the purpose of the above step 5 is fur- 
ther accomplished. 

[Example 1 of the third embodiment] 

[0207] The electron-emitting devices were produced 
in the same structure as in Figs. 7A and 7B. Production 



steps of the present example will be described specifi- 
cally. 

(Step 1 : step of forming the lower electrodes of metal on 
5 substrate) 

[0208] The substrate 1 was prepared by depositing 
Si0 2 in the thickness of 1 urn on soda lime glass and the 
substrate 1 was washed well with detergent, pure water, 
io and organic solvent or the like. Then the material of Al 
for the lower electrodes was deposited in the thickness 
of 500 nm on the substrate by sputtering and thereafter 
the lower electrode wires 81 were formed in stripes on 
the substrate 1 by the photolithography technology. For 
75 using parts of the lower electrode wires 81 as terminals, 
they were covered with a known mask resin for plating. 

(Step 2: step of anodizing the lower electrodes) 

20 [0209] Using the apparatus of Fig. 1 5, the anodic oxi- 
dation was carried out to anodize parts of the Al lower 
electrodes prepared in (step 1). 

[0210] The anodic oxidation electrolyte solution 52 
was an aqueous solution of oxalic acid 30 g/l. The elec- 
ts trode 53 was a Pt electrode. The anodic oxidation was 
carried on at 5 °C for five minutes by the constant volt- 
age of 40 V from the power supply 55 with the cathode 
of the electrode 53 and the anode of the lower wires 81 
provided on the substrate 1 . On this occasion, the initial 
30 current density was 300 mA/cm 2 , but the current density 
decreased with progress of the anodic oxidation and 
thereafter increased once to be saturated. Then the 
substrate with the anodic oxide layers was immersed in 
an aqueous solution of phosphoric acid for thirty min- 
35 utes to remove the dense anodic oxide layer and there- 
after washed well with water. 

(Step 3: step of forming columnar metal in the pores of 
the anodic oxide layers) 

40 

[0211] Formation of the columnar metal in the pores 
was carried out using the apparatus of Fig. 16. In Fig. 
16, portions with the same reference numerals as those 
in Fig. 15 indicate like portions. Numeral 91 represents 

45 a counter electrode for electrolytic deposition of metal, 
which is a counter electrode made of an inactive elec- 
trode such as carbon or Pt, or the same material as the 
electrodeposited metal. Numeral 92 indicates a con- 
tainer for a metal electrodeposrtion liquid, 93 a power 

so supply for electrodeposrtion, and 94 an electrodeposi- 
tion solution containing the metal. 
[021 2] In this step Ni was electrodeposited by the con- 
stant current at the current density of 1 mA/cm 2 , using 
the Pt electrode as the counter electrode 91 and 5 % 

55 NiS0 4 and 4 % H3BO3 as the electrodeposrtion solution 
94 containing the metal. An electrodeposrtion amount of 
. columnar Ni was controlled by time and the columnar Ni 
was formed in each pore. The electrodeposrtion time 
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was 1 00 seconds. 

(Step 4: step of forming the upper electrode on the 
metal or the semiconductor thus anodized) 

[0213] The upper electrode 82 was made of Pt in the 
thickness of 10 nm in the same manner as the lower 
electrodes were. 

(Step 5: step of forming carbon in the pores of the 
anodic oxide layers (under existence of organic material 
of gas state)) 

[0214] The substrate 1 was set in the vacuum cham- 
ber also serving as a measuring device and the voltage 
was applied to the upper electrode and lower electrodes 
under an ambience containing gas of acetone at 10' 1 
Pa. In step 5, the rectangular waves of the voltage 
waveform having the pulse width T1 of 1 ms and the 
pulse spacing T2 of 10 ms in the pulse waveform of Fig. 
6A were applied for twenty minutes with the lower elec- 
trode side at the higher potential. After that, the upper 
electrode side was kept at the higher potential and the 
voltage was applied for 20 minutes. Thereafter, the sys- 
tem was evacuated and the substrate was taken out. 

(Step 6: stabilization step) 

[0215] Then the substrate was set in the vacuum 
chamber of the sputtering apparatus and the chamber 
was evacuated well Thereafter, the chamber was evac- 
uated for two hours while being heated at 300 °C. 

(Step 7: step of forming the upper electrode) 

[0216] Next, with a target of graphite, carbon was 
deposited in the thickness of 45 nm by sputtering, 
thereby forming the upper electrode. 
[021 7] Then the substrate was set in the vacuum proc- 
ess system of Fig. 5 and the voltage was applied to the 
lower electrode and upper electrode of each device, and 
to the anode electrode to measure the currents (the 
device current and emission current), and the device 
voltage characteristics. The electron beam was 
observed by luminescence of the fluorescent member 
set at the anode. After the measurements, the sample 
thus formed was then observed with the electron micro- 
scope, TEM, and so on. 



4 are the same as in the example, but the anodic oxida- 
tion conditions of step 2 were changed. The anodic oxi- 
dation conditions were as follows; the anodic oxidation 
solution was an ammonium tartrate solution, constant 

5 current anodic oxidation was carried out at 500 yA/crn 2 , 
and the thickness of the insulating layer was 6 nm. 
[0220] Each device demonstrated the monotonically 
increasing characteristics for both the device current 
and the emission current over their threshold. The cur- 

10 rent was negligible below the threshold (Vth). When the 
electron beam was observed by luminescence of the 
fluorescent member, it was equivalent to that of the MIM 
electron-emitting device of the comparative example. 
The electron emission efficiency of the comparative 

75 example was 0.1 %, whereas that of the example was 5 
% on average. At the same time, the electron emission 
current increased corresponding to the efficiency 
[0221] In observation of cross section with the elec- 
tron microscope, the regular pores were observed in the 

20 anodic oxide layers. The diameter of the pores was 80 
nm. The polelike Ni metal and carbon were stacked in 
the pores and there was the small gap of 5 to 1 0 nm with 
respect to the upper electrode. 

[0222] The above verified that the spread of electron 
25 beam was equivalent to that of the MIM electron-emit- 
ting device and that the electron-emitting devices dem- 
onstrated high electron emission efficiency and 
emission current. Thanks to the stabilization step, both 
the device current and emission current showed the 
30 monotonically increasing characteristics having the 
threshold Vth without occurrence of the voltage-control- 
led negative resistance characteristics, or the VCNR 
characteristics. 

35 [Example 2 of the third embodiment] 

[0223] In the present example the substrate was con- 
structed in the device layout similar to Example 1 of the 
third embodiment. In the present example, the anodic 
40 oxidation conditions of aluminum and the diameter of 
the pores in Example 1 were changed and influence 
thereof was investigated. 

(Step 1 : step of forming the lower electrodes of metal on 
45 the substrate) 

[0224] This step was carried out in the same manner 
as step 1 of Example 1 . 



[Comparative Example] 



so (Step 2: step of anodizing the lower electrodes) 



[021 8] An MIM type electron-emitting device was pro- 
duced as a comparative example. 
[0219] The following steps were carried out; (step 1 : 
step of forming the lower electrode of metal on the sub- 
strate), (step 2: step of anodizing the lower electrode), 
and (step 4: step of forming the upper electrode on the 
metal or the semiconductor thus anodized). Steps 1 and 



[0225] This step was carried out in the same manner 
as step 2 of Example 1 . 

[0226] Next, the diameters of the pores were changed 
55 by changing the time for which the substrate with the 
anodic oxide layers formed therein was immersed in the 
aqueous solution of phosphoric acid. The diameters of 
the pores were 20, 30, 40, 50, and 80 nm. 
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(Step 3: step of forming columnar metal in the pores of 
the anodic oxide layers) 

[0227] The formation of columnar metal in the pores 
was carried out using the apparatus of Fig. 16. In this 
step, Ni was electrodeposited using the Pt electrode as 
the counter electrode 91,5% NiS0 4 and 4 % H3BO3 as 
the electrodeposition solution 94 containing the metal, 
and the alternating current of 60 Hz at the current den- 
sity of 1 mA/cm 2 . An electrodeposition amount of 
columnar Ni was controlled by time and columnar Ni 
was formed in each pore. Ni also migrated into the 
dense oxide layer at the bottom of the pores of the 
anodic oxide layers, so that the columnar Ni was electri- 
cally connected to the lower electrode. 

(Step 4: step of forming the upper electrode on the 
metal or the semiconductor thus anodized) 

[0228] This step was not carried out. 

(Step 5: step of forming the electron-emitting bodies in 
the pores of the anodic oxide layers) 

[0229] A layer of W was deposited in the thickness of 
7 nm by sputtering and thereafter reduced and aggre- 
gated in hydrogen gas, thereby forming small particles 
thereof. The grain size of the small particles was 10 nm. 

(Step 6: stabilization step) 

[0230] Next, the substrate was set in the vacuum 
chamber of the sputtering apparatus and the chamber 
was evacuated well. 

(Step 7: step of forming the upper electrode) 

[0231] Next, with a target of graphite, carbon was 
deposited in the thickness of 20 nm by sputtering, 
thereby forming the upper electrode. 
[0232] According to observation with the electron 
microscope, the carbon was also able to cover the 
regions above the pores as long as the diameter of the 
pores was below 40 nm; the carbon above the pores 
failed to cover parts or the whole of the regions above 
the pores if the diameter of the pores was not less than 
50 nm. This proved that the thickness t of the upper 
electrode needs to satisfy the following condition 
against the length L of the pores: 

0.5 x L £ t. 

[0233] In the same manner as the example, it was ver- 
ified that the devices having the pore diameters not 
more than 40 nm were able to emit electrons in the 
beam spread equivalent to that of the comparative 
example. 



[Example 3 of the third embodiment] 

[0234] In the present example the substrate was con- 
structed in the device layout similar to Example 1 of the 
5 third embodiment. In the device structure of Fig. 21 B, 
samples were formed with a variety of thicknesses of 
the upper electrode and influence thereof was investi- 
gated. The same steps as in Example 1 were carried 
out except for steps 5 and 7. 

10 

(Step 1 : step of forming the lower electrodes of metal on 
the substrate) 

[0235] This step was carried out in the same manner 
is as step 1 of Example 1 . 

(Step 2: step of anodizing the lower electrodes) 

[0236] This step was carried out in the same manner 
20 as step 2 of Example 1 . 

(Step 3: step of forming columnar metal in the pores of 
the anodic oxide layers) 

25 [0237] This step was carried out in the same manner 
as step 3 of Example 1 . 

(Step 4: step of forming the upper electrode on the 
metal or the semiconductor thus anodized) 

30 

[0238] This step was carried out in the same manner 
as step 4 of Example 1 . 

(Step 5: step of forming the electron-emitting bodies in 
35 the pores of the anodic oxide layers) 

[0239] W was deposited in the thickness of 7 nm by 
sputtering and thereafter reduced and aggregated in 
hydrogen gas, thereby forming small particles thereof. 



40 



(Step 6: stabilization step) 



[0240] Then the substrate was set in the vacuum 
chamber of the sputtering apparatus and the chamber 
45 was evacuated well. After that, the chamber was evacu- 
ated for two hours while being heated at 300 °C. 

(Step 7: step of forming the upper electrode) 

so [0241] Next, with a target of graphite, the carbon was 
deposited in either thickness of 10, 35. 50, 65, 80, and 
200 nm by sputtering, thereby forming the upper elec- 
trode. 

[0242] Then the substrate was set in the vacuum proc- 
55 ess system of Fig. 5 and the voltage was applied to the 
lower electrode and upper electrode of each device, and 
. to the anode electrode to measure the currents (the 
device current and emission current), and the device 
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voltage characteristics. Further, the electron beam was 
observed by luminescence of the fluorescent member 
placed at the anode. 

[0243] The electron beam was more spread in the 
device of the thickness of 10 nm than in the comparative 
example. The devices having the thicknesses of 35, 50, 
65, and 80 nm were equivalent to the comparative 
example. With the device having the thickness of 200 
nm, the emission current was too small to measure. 
[0244] As illustrated in Fig. 24, the electron emission 
current was very high at the upper electrode thickness 
of 1 0 nm and showed exponential dependence in the 
range of 35, 50, 65, and 80 nm. The current at the thick- 
ness of 200 nm was of the noise level. The mean free 
path of carbon was calculated based on this result. 
[0245] According to observation of the forms of the 
upper electrodes, the upper electrode failed to cover the 
regions above the pores in the samples of the thick- 
nesses of 10 and 35 mm and holes were observed in 
the upper electrode. There were no holes observed in 
the regions above the pores in the samples having the 
thicknesses of 50, 65, and 80 nm. 
[0246] The above results verified the following. There 
is an optimum value of the thickness of the upper elec- 
trode against the diameter of the pores. If the upper 
electrode is too thin, the upper electrode will fail to cover 
the pores and the electron beam will spread. Within the 
optimum range, the spread of beam is decreased and 
the emission current decreases depending upon the 
thickness. Further, sufficient emission current can be 
obtained if the upper electrode has the thickness not 
more than 2X as described previously. 

[Example 4 of the third embodiment] 

[0247] The present example is an example of applica- 
tion to the image pickup device of Figs. 9A and 9B 
described previously, in which a plurality of electron- 
emitting devices prepared by the same method as in 
Example 1 of the third embodiment are placed in a two- 
dimensional array on the substrate. 
[0248] The production method of the image pickup 
device of the present example is the same as in the f irst 
embodiment. The image pickup device produced in this 
way was operated based on the principle of operation 
stated previously, whereupon the signal current was 
obtained in 1 :1 correspondence to the size of the elec- 
tron-emitting device, thereby verifying the operation. 

[Example 5 of the third embodiment] 

[0249] The present example is an example of con- 
struction of the display device of Figs. 10A and 10B 
described previously, in which a plurality of electron- 
emitting devices produced by the same method as in 
Example 1 of the third embodiment are arrayed in a two- 
dimensional pattern on the substrate. The production 
method of the display device of the present example is 



the same as in the first embodiment. The display device 
produced in this way was operated based on the princi- 
ple of operation discussed previously, and a bright 
image was displayed in high definition. 

5 

[Fourth Embodiment] 

[0250] Fig. 25A is a sectional view of the electron- 
emitting device of the fourth embodiment. Fig. 25B is a 
10 partly enlarged schematic view of part A in the sectional 
view of Fig. 25A. 

[0251] The substrate 1 to be employed herein can be 
selected from quartz glass, glass with a decreased con- 
tent of impurity such as Na, soda lime glass, a glass 

75 substrate obtained by depositing Si0 2 on soda lime 
glass by sputtering or the like, ceramics such as alu- 
mina, an Si substrate, an Si substrate with a deposited 
layer of Si0 2 , and so on. Particularly, when the sub- 
strate 1 is a semiconductor substrate, a driver or the like 

20 for driving the electron-emitting device can also be 
mounted simultaneously. 

[0252] The lower electrode 2 is selected from metals, 
such as Al, Ta, Nb, Ti, Zr, Hf, or Si, and semiconductors 
that can undergo anodic oxidation. The thickness of the 

25 lower electrode 2 is properly determined according to 
the thickness of the anodic oxide layer, the electrical 
resistance of the lower electrode, and so on. The mate- 
rials for the lower electrode are not limited to only the 
metals that can be anodized, but they may also be of a 

30 stack form of a metal that cannot be anodized and a 
metal that can be anodized. 

[0253] The anodic oxide layer 3 is formed by anodic 
oxidation of the lower electrode in part. In the anodic 
oxide layer 3 there exist regular or irregular pores 5. 

35 This will also be called porous structure in the present 
specification. The regular or irregular pores 5 can be 
formed by selecting anodic oxidation conditions includ- 
ing a composition of an anodic oxidation bath, the tem- 
perature of the bath, the voltage, the time, etc., 

40 according to the material for the lower electrode 2. Pref- 
erably, the regular pores are selected. Diameters of the 
pores range from several ten nm to several hundred nm 
and depths thereof from several ten nm to several thou- 
sand nm. The density of the pores is 10 8 to 10 12 

45 pores/cm 2 . The shape of the pores is not limited only to 
the circle, but the ellipse, square, etc. can also be 
applied to the electron-emitting devices of the present 
invention. The variety of shapes can also be formed 
using the focused ion beam or the like. Therefore, the 

so expression "length of pore*' will also be used in place of 
the diameter of pore in the present invention. In each 
pore 5 the carbon 6 electrically connected to the lower 
electrode 2 is formed in the polelike shape filling a part 
of the pore. Electrons are emitted from the peripheral 

55 part of the pole in each pore or from the region of the top 
surface of the pole and the emission of electrons is 
determined by the shape of the pole and the shape of 
the upper electrode on the anodic oxide layer. Accord- 
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ingly, electrons are emitted in a linear shape or in a lin- 
ear and surface shape from each pore, according to the 
pore. 

[0254] The carbon may also be formed in the similar 
fashion from the side of the upper electrode 4. s 
[0255] There is a gap created between the carbon 
formed on the lower electrode 2, and the upper elec- 
trode or, in the case where the carbon is also formed 
from the side of the upper electrode 4, between the car- 
bon from the upper electrode 4 side and the carbon 10 
formed on the lower electrode 2. This gap is preferably 
several nm to several ten nm, and is properly deter- 
mined according to the time of the step of applying the 
voltage to the upper electrode and lower electrode 
under existence of the organic material described here- is 
inafter, the voltage applied, and so on. 
[0256] The upper electrode is formed above the 
anodic oxide layer and is made preferably of a material 
having a high melting point, such as Pt, W, Mo, or Hf. 
[0257] Structural examples of the above electron- 20 
emitting device of the present invention will be explained 
using the schematic sectional views of Figs. 26A and 
26B. In Figs. 26A and 26B, numeral 207 designates a 
small gap and the same portions as in Figs. 25A and 
25B are denoted by the same reference numerals. 25 
There are two kinds of structures illustrated in Figs. 26A 
and 26B, but other structures may also be employed, 
without having to be limited to these illustrated struc- 
tures. The following describes examples using the metal 
for the upper electrode and the lower electrode, but they so 
may also be made of the semiconductor. 
[0258] The structure of Fig. 26A is metal (lower elec- 
trode) / metal oxide layer / pores, each having a carbon 
electron-emitting body 6 / vacuum / metal (upper elec- 
trode) 4 formed in the regions except for the regions 35 
above the pores. The structure of Fig. 26B is metal 
(lower electrode) / pores, each having an electron-emit- 
ting body 6 / vacuum / metal (upper electrode) 4 formed 
in the regions except for the regions above the pores. 
[0259] In the structure of Fig. 26A, the metal oxide 40 
layer 3 is obtained on the occasion of anodic oxidation 
of the lower electrode, and two structural regions, a 
dense film structural region without pores and a film 
structural region with pores, can be obtained in this 
metal oxide layer 3, depending upon the anodic oxtda- 45 
tion conditions. As illustrated in Fig. 26A, the formation 
of the dense film structural region of the above metal 
oxide layer between the lower electrode 2 and the elec- 
tron-emitting bodies 6 in the pores results in forming a 
nonlinear device in the structure of metal / insulator / so 
carbon, so as to impart the function of current limitation, 
which can prevent the current fluctuation in discharge or 
the like on the occasion of driving the electron-emitting 
device of the present invention and which can in turn 
prevent damage to the electron-emitting device. A spe- ss 
crfic production method of the above metal oxide layer 
will be described hereinafter, but it is first formed, for 
example, under conditions for forming the porous metal 



oxide and thereafter the thickness of the dense film 
structural region is adjusted in the widening step of 
pores described hereinafter. 

[0260] The structure of Fig. 26B does not have the 
metal oxide layer without the pores and the electron- 
emitting bodies (carbon) in the pores are electrically 
connected directly to the lower electrode. This structure 
is constructed by anodizing the lower electrode, thereaf- 
ter sufficiently widening the pores by the widening step 
of pores described hereinafter, and further forming the 
electron-emitting bodies (carbon) in the pores, whereby 
the lower electrode becomes electrically connected to 
the electron-emitting bodies in some cases. On this 
occasion, the metal oxide layer without the pores 
between the lower electrode and the metal oxide layer 
with the pores may be electrically broken by the pulse 
voltage applied in the step of forming the carbon in the 
pores of the anodic oxide layer described hereinafter, so 
that the electron-emitting bodies are electrically con- 
nected to the lower electrode. In the structure of Fig. 
26B, the electron-emitting device is also provided with 
the nonlinear characteristics by tunneling between the 
electron-emitting bodies and the vacuum. The electrical 
connection with the lower electrode can also be 
achieved in such a way that the metal is precipitated by 
alternating current into the pores of the anodic oxide film 
by the coloring method of the anodic oxide film conven- 
tionally well known whereupon the precipitating metal 
into the pores migrates into the dense anodic oxide film 
to implement the electrical connection. The above "vac- 
uum" is one equivalent to the vacuum ambience in 
which the substrate with the electron-emitting device 
formed thereon is set. 

[0261] In the electron-emitting device of the present 
invention described above, the carbon making the elec- 
tron-emitting bodies is preferably at least one of graph- 
ite, amorphous carbon, and diamondiike carbon, 
particularly in terms of heat resistance, stability of elec- 
tron emission characteristics, and improvement in 
repeatability, as stated previously. 
[0262] Next described is an electron-emitting mecha- 
nism of the electron-emitting device of the present 
invention in the structural examples of Fig. 26A and Fig. 
26B. 

[0263] In the surface conduction electron-emitting 
device stated previously in the related background art, 
according to Japanese Laid-open Patent Application 
No. 9-082214, electrons are once emitted into the vac- 
uum outside the anode from a certain position on the 
anode side (which is also called the higher potential 
side) of the fissure region, in the fissure region of the 
surface conduction electron-emitting device. The elec- 
trons once emitted move in the electric field created by 
the cathode (which is also called the lower potential 
side) and the anode, and electrons flying over the singu- 
lar point (hereinafter referred to as a stagnation point) of 
the electric field are attracted to the anode plate by the 
electric field created by the voltage applied to the anode 
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plate set opposite to the electron-emitting device with 
intervention of vacuum. The electrons that do not reach 
the singular point of the electric field drop onto the 
anode, and some of electrons are scattered here to be 
deflected and again emitted into the vacuum. Electrons 5 
moving over the singular point of the electric field as a 
result of repetition of this scattering also reach the 
anode plate. 

[0264] It is described in the prior art application that, 
in order to largely increase the electron emission effi- 10 
ciency, the electric field needs to be set in such condi- 
tions that most of the electrons once emitted are 
attracted to the anode plate without dropping onto the 
anode in the above mechanism of electron emission 
and that the electron emission efficiency can be is 
increased by providing the field correcting electrode 
outside the device electrode and applying a sufficiently 
higher voltage thereto than the voltage applied to the 
device for emission of electron. 

[0265] In contrast with it, in the case of the electron- 20 
emitting device of the present invention, when the 
higher potential is applied to the upper electrode and 
the lower potential than that to the upper electrode is 
applied to the lower electrode, a potential difference 
between them is placed in the small gap between the 25 
upper electrode 4 and the electron-emitting body 6, 
whereupon electrons are emitted from the electron- 
emitting bodies into the vacuum. Since a strong electric 
field is placed in the small gap corresponding to the fis- 
sure of the aforementioned prior art, the electrons emit- 30 
ted from the electron-emitting bodies 6 into the vacuum 
collide with the upper electrode 4 to be scattered, just as 
in the case of the surface conduction electron-emitting 
device described previously in the related background 
art. It is, however, assumed that, in the case of the elec- 35 
tron-emitting device of the present invention, the elec- 
trons reach the anode plate over the singular point of 
the electric field without repetition of scattering. 
[0266] Now, the principle of the electron-emitting 
device of the present invention will be described using 40 
Fig. 27. Fig. 27 is a diagram to explain the principle of 
the electron-emitting device of the present invention. In 
the figure, h indicates the distance between the elec- 
tron-emitting device and the anode electrode, d the 
length of pore, and Va the potential of the anode elec- 45 
trode. 

[0267] Here, the following discussion is made with 
focusing attention on electrons emitted from the side of 
the upper electrode 4 of the electron-emitting body 6 on 
one side. Since the electrons are emitted along the so 
periphery of the pore from the electron-emitting body 6, 
the electrons are also emitted from the upper electrode 
opposed to the upper electrode 4. The electrons emitted 
from the electron-emitting body 6 into the vacuum col- 
lide with the upper electrode 4 because of the electric 55 
field placed in the small gap 207 to be first scattered iso- 
tropically. Since the strong electric field from the oppo- 
site upper electrode present at the very close distance 
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considerably constricts the stagnation point described 
above, as compared with that in the conventional sur- 
face conduction electron-emitting device, the electrons 
scattered isotropically reach the anode plate without 
repetitive scattering, mostly after scattered only once. 
On the other hand, where the thickness of the upper 
electrode 4 is small, the electrons also reach the anode 
plate, mostly after scattered only once, without repeti- 
tive scattering. It is considered that the above accounts 
for the increase of the electron emission efficiency. On 
the other hand, the same can also be applied to the 
electron-emitting bodies 6 having the electron-emitting 
regions formed in the rim shape of the pores, and this is 
conceivably the cause of increase of the electron emis- 
sion efficiency. 

[0268] An important factor for the effect of the electric 
field of the opposite upper electrode is the diameter of 
the aperture. Supposing the work function of the elec- 
tron-emitting body is 4 to 5.5 eV, the electric field for 
emission of electrons into the small gap is not less than 
10 7 V/cm. When the stagnation point being the singular 
point of the electric field as defined in the aforemen- 
tioned prior art is applied to the prior art electron- emit- 
ting device and the present invention, the distance Xs of 
the stagnation point without 34 is represented by the fol- 
lowing equation. 

Xs = h • Vf/(n • Va) 

On the other hand, the stagnation point Xs' with 34 is 
indicated by the following equation. 

Xs* = h • Vf/{n • Va + h • Vf/(n • d)} 

Therefore, the smaller the diameter of the aperture, the 
more the stagnation point is constricted. Particularly, 
from the reason that the constriction effect of the stag- 
nation point can be expected even at the upper elec- 
trode voltage of several ten V, the diameter of the 
aperture is preferably not more than 0.5 \xm and more 
preferably not more than 0.2 fim. Further, the thickness 
of the upper electrode is preferably as thin as possible in 
order to suppress the repetitive scattering and, from 
examples, the thickness is preferably not more than 0.2 
Urn in terms of the efficiency. For specifying the condi- 
tion by the thickness of the upper electrode, the small 
gap contributing to the emission of electrons has to be 
present at the edge of the upper electrode. From the 
viewpoint of suppressing the repetitive scattering, it cor- 
responds to the distance from the small gap to the 
upper surface of the upper electrode. 
[0269] The driving voltage is a low driving voltage, 
because the gap is small. Since the direction of the volt- 
age to draw the electrons is coincident with the direction 
toward the anode plate, a spread of the electron beam, 
though scattered isotropically, is suppressed relatively. 
[0270] There are a variety of methods for producing 
the electron-emitting device described above, among 



EP 0 923 104 A2 



27 



53 



EP 0 923 104 A2 



54 



which a first production method will be described refer- 
ring to the production step diagram of Fig. 28. 

(Step 1) Step of forming the lower electrode of the metal 
or the semiconductor on the substrate 5 

[0271 J The substrate 1 is cleaned well with detergent, 
pure water, and organic solvent or the like, the material 
for the lower electrode is deposited by vacuum evapora- 
tion, sputtering, or the like, and thereafter the lower 10 
electrode 2 is formed on the substrate, for example, by 
the photolithography technology. The lower electrode 
may also be formed by electrolytic crystallization. 

(Step 2) Step of anodizing the lower electrode is 

[0272] The conceptual drawing of the anodic oxidation 
system was already described referring to Fig. 15. The 
electrode 53 is the metal such as Pt. The anodic oxida- 
tion of the lower electrode is effected by energization 20 
from the power supply 54 with the electrode 53 as a 
cathode and the substrate 1 with the lower electrode 
formed thereon, as an anode. The geometrical structure 
of the anodic oxide layer can be controlled by produc- 
tion conditions. Specifically, the spacing between the 25 
pores can be controlled by the anodic oxidation voltage, 
the depths of the pores by the anodic oxidation time, 
and the diameters of the pores by such conditions as 
the composition of the electrolyte solution, the voltage, 
the current. Further, control of the regular pores or the 30 
irregular pores can also be made by control of these 
conditions. 

[0273] Next, the substrate with the anodic oxide layer 
formed thereon is dipped in the anodic oxidation elec- 
trolyte solution or the like to adjust the diameter of the 35 
pores and the thickness of the dense oxide film. (This 
step will be called widening.) Then the substrate is 
washed well with water and then dried in vacuum. 

(Step 3) Step of forming the upper electrode on the 40 
metal or the semiconductor thus anodized 

[0274] The upper electrode is formed in the thickness 
of not more than 200 nm in the same manner as the 
lower electrode was. 45 

(Step 4) Step of forming the electron-emitting bodies in 
the pores of the anodic oxide layer (under existence of 
organic material of gas state) 

50 

[0275] This step is a step of forming carbon in the 
pores of the aforementioned anodic oxide layer by 
applying the voltage to the upper electrode and lower 
electrode under existence of the organic material of a 
gas state. The carbon formed in this step includes, for 55 
example, graphite (including so-called HOPG, PG, and 
GC). HOPG indicates the almost perfect graphite crys- 
tal structure, PG somewhat disordered crystal structure 



having crystal grains of 20 nm or so, and GC more dis- 
ordered crystal structure having the crystal grains of 2 
nm or so. In addition, the carbon may also be non-crys- 
talline carbon (which means amorphous carbon and, a 
mixture of amorphous carbon with fine crystals of the 
aforementioned graphite). The vacuum process system 
used in this step was already described referring to Fig. 
5. 

[0276] Particularly, where the carbon of the electron- 
emitting bodies is deposited from the lower electrode so 
as to form a constant gap with respect to the upper elec- 
trode, the carbon can be formed by applying the voltage 
with the upper electrode at the lower potential and the 
lower electrode at the higher potential. After the voltage 
is applied with the upper electrode at the lower potential 
and the lower electrode at the higher potential, the volt- 
age is further applied with the upper electrode at the 
higher potential and the lower electrode at the lower 
potential, whereby the carbon is also deposited on the 
upper electrode after formation of a constant gap above 
the deposition of carbon of the electron-emitting bodies 
from the lower electrode, thereby forming a constant 
separation from the upper electrode. Since the position 
of the gap affects the electron emission characteristics 
as described previously, it is preferable to deposit the 
carbon from the lower electrode and then form the con- 
stant gap from the upper electrode. 
[0277] The preferred gas pressure of the organic sub- 
stance for formation of the carbon differs depending 
upon the aforementioned application form, the shape of 
the vacuum vessel, the type of the organic substance, 
and so on and is thus properly determined according to 
the circumstances. An appropriate organic substance 
can be selected from aliphatic hydrocarbons of alkane, 
alkene, and alkyne, aromatic hydrocarbons, alcohols, 
aldehydes, ketones, amines, organic acids such as phe- 
nol, carboxylic acid, and sulfonic acid, and so on. Spe- 
cific examples of such substances include saturated 
hydrocarbons represented by C n H 2n+ 2 sucn as meth- 
ane, ethane, and propane, unsaturated hydrocarbons 
represented by the composition formula of C n H 2n or the 
like such as ethylene and propylene, benzene, toluene, 
methanol, ethanol, formaldehyde, acetone, methyl ethyl 
ketone, methylamine, ethylamine, phenol, formic acid, 
acetic acid, propionic acid, and so on. The organic gas 
is also selected according to the diameter of the pores 
formed in the anodic oxide layer. This is because 
adsorption of the organic gas is also dependent on the 
diameter of the pores. 

[0278] During this process carbon is deposited from 
the organic substance present in the ambience into the 
pores in the anodic oxide layer, whereby the device cur- 
rent If and emission current le change remarkably. 
[0279] Completion of this step is determined while 
measuring either one of the device current If and the 
emission current le or the both. 
[0280] The apertures of the upper electrode 4 above 
the pores, as illustrated in Figs. 26A and 26B, can also 
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be formed in the initial stage of application of the above 
voltage pulses in this step. 

(Step 5) Stabilization step 

5 

[0281 ] This step is a step for stabilizing the character- 
istics of the electron-emitting device thus produced. 
This step is a step of removing intermediate products of 
the organic material and also removing the organic gas, 
water, oxygen, etc. adsorbing to the substrate etc. from io 
the carbon in the pores of the anodic oxide layer in the 
above step, whereby the step can impart to the device 
such a property that the device current and the emis- 
sion current monotonically increase above a certain 
threshold against the voltage applied to the device. This is 
step is a step of exhausting the organic substance in the 
vacuum vessel and the evacuation apparatus for evacu- 
ating the vacuum vessel is preferably one not using oil in 
order to avoid influence of the oil from the apparatus on 
the characteristics of the device. Specifically, the evacu- 20 
ation apparatus can be selected from a sorption pump, 
an ion pump, and so on. 

[0282] The partial pressure of the organic component 
in the evacuation apparatus is set to a partial pressure 
under which there is little carbon or carbon compound 25 
newly deposited, and is preferably not more than 1x10" 
8 Torr and particularly preferably not more than 1x10" 
10 Torr. It is further preferred that the whole of the vac- 
uum apparatus be heated during evacuation of the 
inside of the vacuum apparatus so as to facilitate 30 
removal of molecules of the organic substance adsorb- 
ing to the inner wail of the vacuum apparatus and to the 
electron-emitting device. The heating condition at this 
time is desirably the temperature of 150 to 300 °C and 
the heating time of not less than several hours, but the 35 
heating condition is not limited particularly to this condi- 
tion. 

[0283] The ambience during driving after completion 
of the stabilization step is preferably maintained in the 
ambience at the end of the above stabilization opera- 40 
tion, but it is not limited to this. Sufficient characteristics 
can be maintained by an ambience from which the 
organic substance is removed adequately but the vac- 
uum degree of which is a little degraded. 
[0284] By employing such a vacuum ambience, depo- 45 
sition of new carbon substance can be suppressed, 
whereby the device current If and emission current le 
are stabilized as a result 

[0285] Next described is a second production method 
where the carbon or diamondlike carbon is formed in liq- so 
uid. The method will be described as to the case where 
the device is constructed in the structure of either Fig. 
26A or Fig. 26B. 

( Step 1 ) Step of forming the lower electrode of the metal ss 
or the semiconductor on the substrate 

[0286] This step is carried out in the same manner as 



the method described in step 1 of the first production 
method. 

(Step 2) Step of anodizing the lower electrode 

[0287] This step is also carried out in the same man- 
ner as the method described in step 2 of the first pro- 
duction method and, after the anodic oxidation and 
widening step, the anodized substrate is washed with 
water and is taken into the electrolytic tank of (step 3). 

(Step 3) Step of forming the electron-emitting bodies in 
the pores of the anodic oxidation layer (under existence 
of organic material of liquid state) 

[0288] This step is a step of forming the electron-emit- 
ting bodies in the pores of the aforementioned anodic 
oxide layer by applying the voltage to the electrode 53 of 
Fig. 15 and the lower electrode under existence of an 
organic material of a liquid state. 
[0289] Using the apparatus similar to Fig. 1 5, electrol- 
ysis is conducted in the electrolyte solution of alcohol 
between the cathode of the lower electrode side and the 
anode, whereby diamondlike carbon can be deposited 
from the lower electrode side in the pores formed by the 
anodic oxidation. 

[0290] The diamondlike carbon grows in the columnar 
shape in the pores with a lapse of the electrolytic time. 

(Step 4) Step of forming the upper electrode on the 
metal or the semiconductor thus anodized 

[0291 ] The upper electrode is formed in the thickness 
of not more than 20 nm in the same manner as the 
lower electrode was. 

(Step 5) Stabilization step 

[0292] This step is carried out in the same manner as 
the stabilization step described in step 5 of the first pro- 
duction method. 

[Example 1 of the fourth embodiment] 

[0293] The electron -emitting devices were produced 
in the same structure as in Figs. 7A and 7B. Production 
steps of the present example will be described specifi- 
cally. 

(Step 1 : step of forming the lower electrodes of metal on 
substrate) 

[0294] The substrate 1 was prepared by depositing 
Si0 2 in the thickness of 1 \im on soda lime glass and the 
substrate 1 was washed well with detergent, pure water, 
and organic solvent or the like. Then the material of Al 
for the lower electrodes was deposited in the thickness 
of 500 nm on the substrate by sputtering and thereafter 
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the lower electrode wires 71 were formed in stripes on 
the substrate 1 by the photolithography technology. For 
using parts of the lower electrode wires 71 as terminals, 
they were covered with a known mask resin for plating. 

(Step 2: step of anodizing the lower electrodes) 

[0295] Using the apparatus of Fig. 1 5, the anodic oxi- 
dation was carried out to anodize parts of the Al lower 
electrodes prepared in (step 1). 

[0296] The anodic oxidation electrolyte solution 52 
was an aqueous solution of oxalic acid 30 g/l. The elec- 
trode 53 was a Pt electrode. The anodic oxidation was 
carried on at 5 °C for five minutes by the constant volt- 
age of 40 V from the power supply 55 with the cathode 
of the electrode 53 and the anode of the lower wires 71 
provided on the substrate 1. On this occasion, the initial 
current density was 300 mA/cm 2 , but the current density 
decreased with progress of the anodic oxidation and 
thereafter increased once to be saturated. Then the 
substrate with the anodic oxide layers was immersed in 
an aqueous solution of phosphoric acid for thirty min- 
utes to remove the dense anodic oxide layer and there- 
after washed well with water. 

(Step 3: step of forming columnar metal in the pores of 
the anodic oxide layers) 

[0297] Formation of the columnar metal in the pores 
was carried out using the apparatus of Fig. 16. In this 
step Ni was electrodeposited by the constant current at 
the current density of 1 mA/cm 2 , using the Pt electrode 
as the counter electrode 91 and 5 % NiS0 4 and 4 % 
H3BO3 as the electrodeposition solution 94 containing 
the metal. An electrodeposition amount of columnar Ni 
was controlled by time and the columnar Ni was formed 
in each pore. The electrodeposition time was 100 sec- 
onds. 

(Step 4: step of forming the upper electrode on the 
metal or the semiconductor thus anodized) 

[0298] The upper electrode 72 was made in the thick- 
ness of 10 nm in the same manner as the lower elec- 
trodes were. 

(Step 5: step of forming carbon in the pores of the 
anodic oxide layers (under existence of organic material 
of gas state)) 

[0299] The substrate 1 was set in the vacuum cham- 
ber also serving as a measuring device and the voltage 
was applied to the upper electrode and lower electrodes 
under an ambience containing gas of acetone at 10" 1 
Pa. In step 3, three devices out of the five devices were 
processed by applying the rectangular waves of the volt- 
age waveform having the pulse width T1 of 1 ms and the 
pulse spacing T2 of 10 ms in the pulse waveform of Fig. 



6A with the lower electrode side at the higher potential 
for fifteen minutes. Thereafter, the upper electrode was 
kept at the higher potential and the voltage was applied 
for five minutes. At the same time, the current of device 
5 was monitored. The voltage was 17 V. The two remain- 
ing devices out of the five devices were processed by 
applying the voltage of 1 7 V similarly in the pulse wave- 
form of Fig. 6B for twenty minutes. 

10 (Step 6: stabilization step) 

[0300] Then the acetone gas was exhausted suffi- 
ciently and thereafter the system was evacuated for two 
hours while being heated at 300 °C. 

is [0301 ] Then the substrate was set in the vacuum proc- 
ess system of Fig. 5 and the voltage was applied to the 
lower electrode and upper electrode of each device, and 
to the anode electrode to measure the currents (the 
device current and emission current) and the device 

20 voltage characteristics. Further, electron beams were 
observed by luminescence of the fluorescent member 
placed at the anode. After the measurements, the sam- 
ple thus formed was then observed with the electron 
microscope, TEM, and so on. 

25 [0302] The device current and emission current both 
of each device demonstrated the monotonically increas- 
ing characteristics over their threshold. The current was 
negligible below the threshold (called Vth). Values of 
emission current of the devices obtained with applica- 

30 tion of the pulses of Fig. 6A were equivalent to those of 
the devices obtained with application of the pulses of 
Fig. 6B and, therefore, their emission efficiencies were 
also equivalent. 

[0303] In observation with the electron emission, the 

35 regular pores were observed in the anodic oxide layers. 
The density of the pores was 1 x 10 9 pores/cm 2 . 
[0304] Further, cross-sectional samples were pre- 
pared and the inside of the pores was observed. The 
cross sections of the devices were as illustrated in Fig. 

40 29A and Fig. 29B. In Figs. 29A and 29B, the same ref- 
erence symbols as those in Figs. 26 A and 26 B denote 
like portions. Fig. 29A is a cross section of the devices 
in which carbon was formed by applying the pulses of 
Fig. 6A in step 5, while Fig. 29B is a cross section of the 

45 devices in which carbon was formed by applying the 
pulses of Fig. 6B in step 5. Numeral 111 represents 
columnar metal Ni, 1 12 carbon formed in the columnar 
shape in the pores, 113 carbon formed on the upper 
electrode side, and 114 a small gap. 

50 [0305] As illustrated in Fig. 29A, where the carbon 
was formed with application of the pulses of Fig. 6A, the 
Ni metal was deposited in the columnar shape 110 nm 
high in the pores from the lower electrode 2 of Al and 
columnar amorphous carbon was further formed in the 

55 pores on the top surface of columnar Ni. Further, amor- 
phous carbon was also formed similarly on the side of 
the upper electrode 4. A small gap was formed between 
the carbon on the upper electrode 4 side and the carbon 
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on the lower electrode 2 side and the gap was formed at 
the edge of the upper electrode. The gap was several 
nm. The thickness of the anodic oxide film was 1 50 nm. 
[0306] On the other hand, where the carbon was 
formed with application of the pulses of Fig. 6B, as illus- s 
trated in Fig. 29B, the Ni metal was deposited in the 
columnar shape in the pores on the lower electrode 2 of 
Al and columnar amorphous carbon was further formed 
in the pores on the top surface of columnar Ni. Further, 
amorphous carbon was also formed similarly on the 
side of the upper electrode 4. The carbon was formed to 
the position 20 nm apart from the bottom surface of the 
upper electrode and a small gap was formed between 
the two carbon layers. The gap was several nm. 
[0307] The above proved the following. First, the metal 
is anodized, the columnar metal is formed in the pores, 
and the columnar carbon is formed in the pores on the 
top surface of the columnar metal. Second, the small 
gap of several nm is formed between the carbon films 
on the upper electrode side and on the lower electrode 
side. Third, the emission current and electron emission 
efficiency are equivalent as long as the small gap is 
located in the range of 20 nm from the bottom surface of 
the upper electrode. Since the distance from the gap to 
the top surface of the upper electrode is not more than 
30 nm including the thickness of the upper electrode in 
the both examples, the probability is assumed to be low 
of loss of the electrons emitted from the lower electrode 
side, in the pores. Fourth, the stabilization step enables 
the device current and emission current to demonstrate 
the monotonically increasing characteristics without 
occurrence of the voltage-controlled negative resist- 
ance characteristics, or the VCNR characteristics. 

[Example 2 of the fourth embodiment] 

[0308] In the present example the substrate was con- 
structed in the device layout similar to Example 1 of the 
fourth embodiment. The upper electrode was formed in 
a variety of thicknesses and influence thereof was 
investigated. Step 1 to step 3, and step 6 were carried 
out in the same manner as in Example 1. The descrip- 
tion of step 1 to step 3, and step 6 will be omitted herein 
and only steps 4 and 5 will be described in detail. 

(Step 1 : step of forming the lower electrodes of metal on 
the substrate) 

[0309] This step was carried out in the same manner 
as step 1 of Example 1 . 

(Step 2: step of anodizing the lower electrodes) 

[0310] This step was carried out in the same manner 
as step 2 of Example 1 . 



(Step 3: step of forming columnar metal in the pores of 
the anodic oxide layers) 

[031 1 ] This step was carried out in the same manner 
as step 3 of Example 1 . 

(Step 4: step of forming the upper electrode on the 
metal or the semiconductor thus anodized) 

[0312] The upper electrode 72 was formed in either of 
four thicknesses of 5,10, 1 00, and 500 nm on each sub- 
strate in the same manner as the lower electrodes, thus 
forming four substrates. 

(Step 5: step of forming carbon in the pores of the 
anodic oxide layers (under existence of organic material 
of gas shape)) 

[031 3] Each substrate 1 was set in the vacuum cham- 
ber also serving as a measuring device and the voltage 
was applied to the upper electrode and lower electrode 
under an ambience containing gas of acetone at 10" 1 
Pa. Three devices out of the five devices were proc- 
essed by applying the rectangular waves of the voltage 
waveform having the pulse width T1 of 1 ms and the 
pulse spacing T2 of 10 ms in the pulse waveform of Fig. 
6 A for fifteen minutes with the lower electrode side at 
the higher potential. After that, the upper electrode was 
kept at the higher potential and the voltage was applied 
for five minutes. At the same time, the current of device 
was monitored. The voltage was 17 V. 

(Step 6: stabilization step) 

[0314] This step was carried out in the same manner 
as step 2 of the Example 1 . 

[0315] Next, each substrate was set in the vacuum 
process system of Fig. 5 and the voltage was applied to 
the lower electrode and upper electrode of each device, 
and to the anode electrode to measure the currents (the 
device current and emission current) and the device 
voltage characteristics. Further, the electron beam was 
observed by luminescence of the fluorescent member 
placed at the anode. 

[0316] Fig. 30 shows the relation between thickness 
of the upper electrode and electron emission efficiency. 
As shown in Fig. 30, the electron emission efficiency did 
not decrease below the thickness of about 200 nm and 
then decreased with increasing thickness of the upper 
electrode over 200 nm. The electron emission efficiency 
is defined as a ratio of emission current to device cur* 
rent. Further, the beam size also decreased. 
[0317] In observation of the form of the upper elec- 
trode, particularly, in the case of the upper electrode 
having the large thickness, where the thickness was 
greater than the diameter of the pores, the inside of the 
pores was also covered in part. When the small gap 
was observed with section TEM, the small gap was 
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formed at the edge of the bottom surface of the upper 
electrode in either sample, as in Example 1. 
[0318] The above verified the following. First, the 
small gap is formed at the edge of the upper electrode, 
irrespective of the thickness of the upper electrode, s 
Second, the emission current and electron emission 
efficiency decrease, depending upon the thickness of 
the upper electrode. This is assumed to be due to the 
high probability of loss at the upper electrode of the 
porous shape, of the electrons emitted from the lower w 
electrode side. 

[Example 3 of the fourth embodiment] 

[031 9] In the present example the substrate was con- 75 
structed in the device layout similar to Example 1 of the 
fourth embodiment. In the present example, Si0 2 was 
used as the insulating layer instead of the anodic oxide 
layer of aluminum in Example 1 . Production steps of the 
present example will be described specifically. 20 

(Step 1 : step of forming the lower electrodes of metal on 
the substrate) 

[0320] The substrate 1 was prepared by depositing 25 
Si0 2 in the thickness of 1 fxm on soda lime glass and 
then the substrate 1 was washed well with detergent, 
pure water, and organic solvent or the like. The material 
Pt for the lower electrode was deposited in the thickness 
of 500 nm on the substrate by sputtering and thereafter 30 
the lower electrode wires 71 were formed in stripes on 
the substrate 1 by the photolithography technology. 

(Step 2: step of forming the insulating layer) 

35 

[0321 ] Next, Si0 2 was deposited in the thickness of 50 
nm by sputtering. 

(Step 3: step of forming the upper electrode on the insu- 
lating layer) 40 

[0322] The upper electrode 72 was made of Pt in the 
thickness of 10 nm in the same manner as the lower 
electrodes were. 

45 

(Step 4: step of forming the pores in the insulating layer) 

[0323] In the stack structure of lower electrode / Si0 2 
/ upper electrode as described above, four types of 
pores were formed as follows by the focused ion beam so 
method; (the diameter 50 nm and the pitch 100 nm of 
the pores), (the diameter 200 nm and the pitch 400 nm 
of the pores), (the diameter 500 nm and the pitch 1000 
nm of the pores), and (the diameter 1000 nm and the 
pitch 2000 nm of the pores). Here, the pitch is a dis- 55 
tance between centers of adjacent pores. 



(Step 5: step of forming carbon in the pores of the insu- 
lating layer (under existence of organic material of gas 
shape)) 

[0324] The substrate 1 was set in the vacuum cham- 
ber also serving as a measuring device and the voltage 
was applied to the upper electrode and lower electrode 
under an ambience containing gas of acetone at 10' 2 
Pa. The rectangular waves of the voltage waveform hav- 
ing the pulse width T1 of 1 ms and the pulse spacing T2 
of 10 ms in the pulse waveform of Fig. 6A were applied 
for fifteen minutes and then the lower electrode side 
was kept at the higher potential for five minutes. 

(Step 6: stabilization step) 

[0325] Then the acetone gas was exhausted suffi- 
ciently and thereafter the system was evacuated for two 
hours while being heated at 300 °C. 
[0326] Then the substrate was set in the vacuum proc- 
ess system of Fig. 5 and the voltage was applied to the 
lower electrode and upper electrode of each device, and 
to the anode electrode to measure the currents (the 
device current and emission current), and the device 
voltage characteristics. 

[0327] The electron emission efficiency was depend- 
ent upon the diameter of the pores as illustrated in Fig. 
31, and the electron emission efficiency increased with 
decreasing diameter of pore. 

[Example 4 of the fourth embodiment] 

[0328] The present example is an example of applica- 
tion to the image pickup device of Figs. 9A and 9B 
described previously, in which a plurality of electron- 
emitting devices prepared by the same method as in 
Example 1 of the fourth embodiment are placed in a 
two-dimensional array on the substrate. 
[0329] The production method of the image pickup 
device of the present example is the same as in the first 
embodiment. The image pickup device produced in this 
way was operated based on the principle of operation 
stated previously, whereupon the signal current was 
obtained in 1:1 correspondence to the size of the elec- 
tron-emitting device, thereby verifying the operation. 

[Example 5 of the fourth embodiment] 

[0330] The present example is an example of con- 
struction of the display device of Figs. 10A and 10B 
described previously, in which a plurality of electron- 
emitting devices produced by the same method as in 
Example 1 of the fourth embodiment are arrayed in a 
two-dimensional pattern on the substrate. The produc- 
tion method of the display device of the present exam- 
ple is the same as in the first embodiment. The display 
device produced in this way was operated based on the 
principle of operation discussed previously, and a bright 
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image was displayed in high definition. 
[0331] According to the present invention in the first 
embodiment as described above, the electron-emitting 
device is constructed in such structure that the insulat- 
ing layer having the pores formed by anodic oxidation or 
the like is provided on the lower electrode, at least car- 
bon is formed in the pores, and the gap is given 
between the carbon and the upper electrode; therefore, 
when the voltage is applied between the lower electrode 
and the upper electrode so as to establish the higher 
potential on the upper electrode, the electrons injected 
from the lower electrode tunnel into the vacuum to be 
emitted. Since the distance of the gap between the car- 
bon formed from the lower electrode, and the upper 
electrode is nearly constant, the characteristics of the 
electron-emitting device with little variation can be 
obtained without dependence of the driving voltage on 
the thickness of the insulating layer, different from the 
conventional MIM electron-emitting devices. Since the 
electron-emitting bodies grown from the lower electrode 
side is of at least one of graphite, amorphous carbon, 
and diamondlike carbon, the device is produced with 
excellent heat resistance and with stable electron emis- 
sion characteristics in good repeatability. Since the 
pores are formed in high density and further on the reg- 
ular basis, the electron-emitting device can be obtained 
with large emission current and with high efficiency. The 
spread of the electron beam is decreased and the elec- 
tron beam equivalent to the formation region of electron 
emitting device can be formed depending upon condi- 
tioning. When an electron source is constructed by plac- 
ing a plurality of such electron-emitting devices of the 
present invention, the stable electron source can be 
provided with little variation from the above reasons. 
When the electron source is constructed in such struc- 
ture that the plurality of electron-emitting devices thus 
placed are located at intersecting portions between the 
upper wires electrically connected to the upper elec- 
trodes and the lower wires electrically connected to the 
lower electrodes and that the upper wires and the lower 
wires are arranged nearly perpendicular to each other, 
a specific electron-emitting device can be selected and 
modulated out of the plurality of electron-emitting 
devices, by the voltage applied to an upper wire and a 
lower wire thereof. An image pickup device with high 
resolution and with excellent uniformity can be provided 
with little variation by combining the above electron 
source with a photoconductive member disposed oppo- 
site to the electron source. Further, a display device with 
high definition and with excellent uniformity can be pro- 
vided with little variation by combining the above elec- 
tron source of the present invention with an image 
forming member disposed opposite to the electron 
source. 

[0332] According to the present invention in the sec- 
ond embodiment, the electron-emitting device is con- 
structed in such structure that on the substrate there are 
the lower electrode, the insulating layer having the 
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pores, and the upper electrode stacked in this order, the 
insulating layer has the pores, and the electron-emitting 
regions are provided in the pores, wherein each elec- 
tron-emitting region is comprised of the small gaps 

5 between the lower electrode and the upper electrode 
and wherein each small gap is formed by the conductive 
body formed along the inner wall of pore and the upper 
electrode; therefore, when the voltage is applied 
between the lower electrode and the upper electrode so 

to as to place the higher potential on the upper electrode, 
the electrons from the lower electrode tunnel through 
the gap between the lower electrode and the upper 
electrode into the vacuum and the electrons are effi- 
ciently emitted with being affected by the potential of the 

75 conductive body formed along the inner wall of pore. In 
addition, because the distance from the small gap to the 
top surface of the upper electrode is not more than 200 
nm, the electrons colliding with and scattered by the 
upper electrode do not undergo repetitive scattering, 

20 thereby increasing the electron emission efficiency. 
Since the length of the pores is not more than 500 nm, 
the singular point of the electric field is constricted even 
by the potential of the upper electrode of the lower volt- 
age, thereby increasing the electron emission efficiency. 

25 Since the distance of the gap between the conductive 
body formed along the inner wall of pore on the lower 
electrode, and the upper electrode is determined by the 
carbon material formed and the voltage applied and is 
almost constant, the characteristics of the electron- 

30 emitting device with little variation can be obtained with- 
out dependence of the driving voltage on the thickness 
of the insulating layer, unlike the conventional MIM elec- 
tron-emitting devices. Since the electron-emitting bod- 
ies of the conductive material grown from the lower 

35 electrode side are of at least either one of graphite, 
amorphous carbon, and diamondlike carbon, the device 
can be produced with excellent heat resistance and with 
stable electron emission characteristics in good repeat- 
ability. The conductive bodies may be constructed in 

40 such structure that a conductive body of columnar metal 
or the like is preliminarily formed in each pore and rim- 
shape carbon is further formed along the inner wall of 
pore on the columnar metal. In this case, the insulating 
layer can be made thicker, and the capacitance is thus 

45 lowered of the insulating layer between the upper elec- 
trode and the lower electrode, which is advantageous in 
driving of the electron-emitting device. Since the pores 
can be formed in high density and on the regular basis, 
the efficient electron-emitting device can be obtained 

so with large emission current. Since emission of electrons 
from the conductive electron-emitting bodies formed in 
the pores mainly occurs from the linear electron-emit- 
ting bodies of the rim shape, the electron-emitting 
region can be increased drastically, as compared with 

55 the small region at the cone tip in the conventional field 
emission devices. While the conventional surface con- 
duction electron-emitting devices have the one-dimen- 
sional or linear electron-emitting region, the electron- 
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emitting region of the present invention can be formed 
two-dimensional ly and can thus be increased drasti- 
cally. Accordingly, the emission current density (a ratio 
of emission current to electron emission area) is 
decreased, whereby degradation can be suppressed of 5 
the characteristics of the electron-emitting device. 
When compared with the conventional field emission 
devices, the spread of electron beam is decreased and 
the electron beam equivalent to the formation region of 
the electron-emitting device can be formed depending w 
upon the conditions. When an electron source is con- 
structed by arraying a plurality of such electron-emitting 
devices of the present invention, the stable electron 
source can be provided with little variation from the 
above reasons. When the electron source is con- 75 
structed in such structure that the plurality of electron- 
emitting devices thus arranged are located at intersect- 
ing points between the upper wires electrically con- 
nected to the upper electrodes and the lower wires 
electrically connected to the lower electrodes or that 20 
each device is located near each intersecting point and 
the upper wires and the lower wires are arranged nearly 
perpendicular to each other, a specific electron-emitting 
device can be selected and modulated out of the plural- 
ity of electron-emitting devices, by the voltage applied to 2 5 
an upper wire and a lower wire thereof. When the elec- 
tron-emitting devices are not located at the intersecting 
points between the upper wires and the lower wires, but 
are located near the intersecting points, degrees of free- 
dom are increased for design of wires and devices. 30 
Namely, the size of device can be selected so as to 
match with a necessary emitted electron amount. The 
degrees of freedom of design are also increased, 
because the decrease of the capacitance at the inter- 
secting point between wires separates the size from the 35 
device size designed from the necessary electron emis- 
sion amount of device. An image pickup device with 
high resolution and with excellent uniformity can be pro- 
vided with little variation by combining the above elec- 
tron source with a photoconductive member disposed 40 
opposite to the electron source. Further, an image form- 
ing apparatus with high def inition and with excellent uni- 
formity can be provided with little variation by combining 
the above electron source of the present invention with 
an image forming member disposed opposite to the 45 
electron source. 

[0333] According to the present invention in the third 
embodiment, the electron-emitting device is con- 
structed in such structure that on the substrate there are 
the lower electrode, the insulating layer having the so 
pores, and the upper electrode stacked in this order, the 
insulating layer has the pores, and the electron-emitting 
bodies are provided in the pores, wherein, with the 
thickness t of the upper electrode, the length L of the 
pores, and the mean free path X of electron transmis- 55 
sion of the upper electrode, the device satisfies the con- 
dition of 0.5 x L £ t < 2X ; therefore, when the voltage 
is applied between the lower electrode and the upper 



electrode so as to establish the higher potential on the 
upper electrode, the electrons injected from the lower 
electrode tunnel from the electron-emitting bodies into 
the vacuum, further pass through the upper electrode, 
and fly to the anode plate. Since the thickness of the 
upper electrode is not less than 0.5 x L where L is the 
length of the pores, the upper electrode can cover the 
apertures of the pores. Since the thickness of the upper 
electrode is not more than 2X where X is the mean free 
path of electron transmission of the upper electrode, the 
emitted electrons can efficiently pass through the upper 
electrode to reach the anode plate. Since the space 
between the electron-emitting bodies and the upper 
electrode is the vacuum with small dielectric constant, 
scattering of electron due to the insulating layer does 
not occur, when compared with the MIM type provided 
with the insulating layer, and loss of emitted electrons is 
thus decreased. Further, the electric capacitance is low- 
ered considerably, which is advantageous in driving of 
the electron-emitting device, e.g., in power consump- 
tion. Since the electron-transmitting portions of the 
upper electrode have the large mean free path of elec- 
tron transmission and are of the carbon material having 
at least either one of graphite, amorphous carbon, and 
diamondlike carbon with excellent electron transmit- 
tance, the emitted electrons efficiently pass through the 
upper electrode to reach the anode electrode. Since 
carbon is a material with high heat resistance, there 
occurs little degradation during driving of the electron- 
emitting device, whereby stability is enhanced. Since 
the carbon material is bound by covalent bond, the 
shape of the upper electrode covering the regions 
above the pores can be implemented easier than the 
metal electrode. In the case of the electron-emitting 
device of the present invention where the electron-emit- 
ting bodies are the needielike electrodes deposited on 
the lower electrode or the small particles deposited on 
the lower electrode, the local electric field is large and 
the driving voltage is decreased because of the pores, 
thereby lowering power consumption. In the case of the 
electron-emitting device of the present invention where 
the electron-emitting bodies are the rim-shape conduc- 
tive bodies formed along the inner walls of the pores or 
the columnar conductive bodies formed in the pores 
and where there is the small gap between the electron- 
emitting bodies and the upper electrode, the driving 
voltage is low because of the small gap and the capaci- 
tance is lowered because of the vacuum. Further, where 
the conductive bodies of the columnar shape are pro- 
vided between the electron-emitting bodies and the 
lower electrode, the thickness of the insulating layer can 
be separated from the electron emission field and the 
thickness of the insulating layer can thus be made 
larger. This can decrease the capacitance between the 
upper electrode and the lower electrode, which is 
advantageous in driving. Since the pores can be formed 
in high density and on the regular basis, the efficient 
electron-emitting device can be obtained with large 
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emission current. Since the device is driven at the low 
emission current density (the ratio of emission current to 
electron emission area) in practical driving, degradation 
of the characteristics of the electron-emitting device can 
be suppressed. When the electron-emitting device of 
the present invention is compared with the conventional 
field emission devices having the apertures in the upper 
electrode above the pores, the device of the invention 
has the upper electrode above the pores as well; there- 
fore, the spread of electron beam is decreased and the 
electron beam equivalent to that by the MIM device can 
be formed. When an electron source is constructed by 
arraying a plurality of such electron-emitting devices of 
the present invention, the stable electron source can be 
provided with high definition from the above reasons. 
When the electron source is constructed in such struc- 
ture that the plurality of electron-emitting devices thus 
arranged are located at intersecting points between the 
upper wires electrically connected to the upper elec- 
trodes and the lower wires electrically connected to the 
lower electrodes or that each device is located near 
each intersecting point and the upper wires and the 
lower wires are arranged nearly perpendicular to each 
other, a specific electron-emitting device can be 
selected and modulated out of the plurality of electron- 
emitting devices, by the voltage applied to an upper wire 
and a lower wire thereof. When the electron-emitting 
devices are not located at the intersecting points 
between the upper wires and the lower wires, but are 
located near the intersecting points, degrees of freedom 
are increased for design of wires and devices. Namely, 
the size of device can be selected so as to match with a 
necessary emitted electron amount. The degrees of 
freedom of design are also increased, because the 
decrease of the capacitance at the intersecting point 
between wires separates the size from the device size 
designed from the necessary electron emission amount 
of device. An image pickup device with high resolution 
and with excellent uniformity can be provided with little 
variation by combining the above electron source with a 
photoconductive member disposed opposite to the 
electron source. Further, an image forming apparatus 
with high definition and with excellent uniformity can be 
provided with little variation by combining the above 
electron source of the present invention with an image 
forming member disposed opposite to the electron 
source. 

[0334] According to the present invention in the fourth 
embodiment, the electron-emitting device is con- 
structed in such structure that on the substrate there are 
the lower electrode, the insulating layer having the 
pores, and the upper electrode stacked in this order, the 
insulating layer has the pores, and the electron-emitting 
regions are provided in the pores, wherein each elec- 
tron-emitting regions is comprised of the small gap 
between the lower electrode and upper electrode and 
wherein the distance from the small gap to the top sur- 
face of the upper electrode is not more than 200 nm; 



therefore, when the voltage is applied between the 
lower electrode and the upper electrode so as to estab- 
lish the higher potential on the upper electrode, the 
electrons injected from the lower electrode tunnel 

5 through the gap between the lower electrode and the 
upper electrode into the vacuum to be emitted. Further, 
the electrons colliding with and scattered by the upper 
electrode do not undergo repetitive scattering, thereby 
increasing the electron emission efficiency. Since the 

io length of the pores is not more than 500 nm, the singu- 
lar point of the electric field is constricted even by the 
potential of the upper electrode of the lower voltage, 
thereby increasing the electron emission efficiency. 
Since the distance of the gap between the conductive 

■is bodies formed on the lower electrode, and the upper 
electrode is determined by the carbon material formed 
and the voltage applied and is almost constant, the 
characteristics of the electron-emitting device with little 
variation can be obtained without dependence of the 

20 driving voltage on the thickness of the insulating layer, 
unlike the conventional MIM type electron-emitting 
devices. Since the electron-emitting bodies of the con- 
ductive bodies of the columnar shape grown from the 
lower electrode are of at least either one of graphite, 

25 amorphous carbon, and diamondlike carbon, the device 
can be produced with excellent heat resistance and with 
stable electron emission characteristics in high repeata- 
bility. The conductive bodies may be of a stack of the 
columnar metal and carbon in which the metal is prelim- 

30 inarily formed in the pores and then carbon is formed. In 
this case, the insulating layer can be made thicker, so 
that the capacitance is lowered of the insulating layer 
between the upper electrode and the lower electrode, 
which is advantageous in driving of the electron-emit- 

35 ting device. Since the pores can be formed in high den- 
sity and on the regular basis, the efficient electron- 
emitting device can be obtained with large emission cur- 
rent. Since the electrons from the electron-emitting bod- 
ies formed in the pores are emitted mainly from the 

40 periphery of the electron-emitting bodies of the colum- 
nar shape, the electron-emitting region can be 
increased drastically, as compared with the small region 
at the cone tip in the conventional field emission 
devices. As compared with the conventional surface 

45 conduction electron-emitting devices, the electron-emit- 
ting region can be increased largely, because it can be 
formed two-dimensionally. Accordingly, the emission 
current density (the ratio of emission current to electron 
emission area) is decreased, so that degradation of the 

so characteristics of the electron-emitting device can be 
suppressed. In the electron-emitting device of the 
present invention the spread of electron beam is 
decreased, as compared with the conventional field 
emission devices. When an electron source is con- 

55 structed by arraying a plurality of such electron-emitting 
devices of the present invention, the stable electron 
source can be provided with little variation from the 
above reasons. When the electron source is con- 
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structed in such structure that the plurality of electron- 
emitting devices thus arranged are located at intersect- 
ing points between the upper wires electrically con- 
nected to the upper electrodes and the lower wires 
electrically connected to the lower electrodes or that 5 
each device is located near each intersecting point and 
the upper wires and the lower wires are arranged nearly 
perpendicular to each other, a specific electron-emitting 
device can be selected and modulated out of the plural- 
ity of electron-emitting devices, by the voltage applied to 10 
an upper wire and a lower wire thereof. When the elec- 
tron-emitting devices are not located at the intersecting 
points between the upper wires and the lower wires, but 
are located near the intersecting points, degrees of free- 
dom are increased for design of wires and devices. 75 
Namely, the size of device can be selected so as to 
match with a necessary emitted electron amount. The 
degrees of freedom of design are also increased, 
because the decrease of the capacitance at the inter- 
secting point between wires separates the size from the 20 
device size designed from the necessary electron emis- 
sion amount of device. An image pickup device with 
high resolution and with excellent uniformity can be pro- 
vided with little variation by combining the above elec- 
tron source with a photoconductive member disposed 25 
opposite to the electron source. Further, an image form- 
ing apparatus with high definition and with excellent uni- 
formity can be provided with little variation by combining 
the above electron source of the present invention with 
an image forming member disposed opposite to the 30 
electron source. 

Claims 

1. An electron-emitting device comprising a lower 35 
electrode, an insulating layer having a pore, and an 
upper electrode stacked in this order on a sub- 
strate, 

wherein a carbon deposit is provided in said pore. 

40 

2. The electron-emitting device according to Claim 1 , 
wherein said insulating layer is an anodic oxide 
layer. 

3. The electron-emitting device according to Claim 1 , as 
wherein said carbon deposit is electrically conduc- 
tive and is electrically connected to said lower elec- 
trode. 

4. The electron-emitting device according to Claim 1 , so 
wherein said carbon deposit is electrically conduc- 
tive and an insulator is interposed between said 
lower electrode and said carbon deposit. 

5. The electron-emitting device according to Claim 1 , 55 
wherein said carbon deposit is of a polelike shape. 

6. The electron-emitting device according to Claim 1 , 



wherein said upper electrode exists in a region 
except for a region above the pore of an anodic 
oxide layer. 

7. The electron-emitting device according to Claim 1 , 
wherein a gap is provided between said carbon 
deposit and said upper electrode. 

8. The electron-emitting device according to Claim 1 , 
wherein said carbon deposit is electrically conduc- 
tive and is electrically connected to said upper elec- 
trode. 

9. The electron-emitting device according to Claim 8, 
wherein a gap is provided between the carbon 
deposit on said lower electrode and the carbon 
deposit connected to said upper electrode. 

10. An electron-emitting device comprising a lower 
electrode, an insulating layer having a pore, and an 
upper electrode stacked in this order on a sub- 
strate, 

wherein an electron-emitting region is provided in 
said pore, said electron-emitting region being com- 
prised of a small gap between said lower electrode 
and upper electrode, said small gap being formed 
by an electroconductive body of a rim shape formed 
along an inner wall of said pore, and the upper elec- 
trode. 

1 1 . The electron-emitting device according to Claim 1 0. 
wherein said insulating layer is an anodic oxide 
layer. 

12. The electron-emitting device according to Claim 10, 
wherein said electroconductive body formed along 
the inner wall of the pore is formed on an electro- 
conductive body of a polelike shape formed in said 
pore. 

1 3. The electron-emitting device according to Claim 1 0, 
wherein said electroconductive body formed along 
the inner wall of the pore is a carbon deposit. 

14. The electron-emitting device according to Claim 12, 
wherein said electroconductive body of the polelike 
shape is metal. 

15. The electron-emitting device according to Claim 10, 
wherein a distance from said small gap to a top sur- 
face of the upper electrode is not more than 200 
nm. 

1 6. The electron-emitting device according to Claim 1 0, 
wherein a length of said pore is not more than 500 
nm. 

17. The electron-emitting device according to Claim 10, 



36 



71 



EP 0 923 104 A2 



72 



wherein said small gap is not more than 20 nm, 

18. An electron-emitting device comprising a lower 
electrode, an insulating layer having a pore, and an 
upper electrode stacked in this order on a sub- 
strate, 

wherein an electron-emitting body is provided in 
said pore, and wherein the following condition is 
satisfied: 

0.5 x L £ t < 2X 

where t is a thickness of said upper electrode, L is a 
length of said pore, and X is a mean free path of 
electron transmission of said upper electrode. 

19. The electron-emitting device according to Claim 18, 
wherein said upper electrode has a carbon deposit. 

20. The electron-emitting device according to Claim 18, 
wherein said electron-emitting body is a needlelike 
electrode deposited on said lower electrode. 

21. The electron-emitting device according to Claim 18, 
wherein said electron-emitting body is a small parti- 
cle deposited on said lower electrode. 

22. The electron-emitting device according to Claim 18. 
wherein said electron-emitting body is an electro- 
conductive body of a rim shape formed along an 
inner wall of said pore and a small gap is provided 
between the electroconductive body of the rim 
shape formed along the inner wall of the pore, and 
the upper electrode. 

23. The electron-emitting device according to Claim 18, 
wherein said electron-emitting body is an electro- 
conductive body of a columnar shape formed in 
said pore and a small gap is provided between the 
electroconductive body of the columnar shape 
formed in said pore, and the upper electrode. 

24. The electron-emitting device according to Claim 18, 
wherein said electron-emitting body is formed on an 
electroconductive body of a polelike shape formed 
in said pore. 

25. The electron-emitting device according to Claim 18, 
wherein said electron-emitting body has a carbon 
deposit. 

26. The electron-emitting device according to Claim 24, 
wherein said electroconductive body of the polelike 
shape is metal. 

27. The electron-emitting device according to Claim 18, 
wherein said insulating layer is an anodic oxide 
layer. 



28. The electron-emitting device according to Claim 18, 
wherein said electron-emitting body lies on an insu- 
lating layer formed on the lower electrode. 

5 29. An electron-emitting device comprising a lower 
electrode, an insulating layer having a pore, and an 
upper electrode stacked in this order on a sub- 
strate, wherein an electron-emitting region is pro- 
vided in said pore, 

10 

said electron-emitting region being comprised 
of a small gap between said lower electrode 
and upper electrode, and wherein a distance 
from the small gap to a top surface of the upper 
75 electrode is not more than 200 nm. 

30. The electron-emitting device according to Claim 29, 
wherein a length of said pore is not more than 500 
nm. 

20 

31. The electron-emitting device according to Claim 29. 
wherein said small gap is not more than 20 nm. 

32. The electron-emitting device according to Claim 29, 
25 wherein said small gap is formed by an electrocon- 
ductive body of a polelike shape formed in said 
pore, and the upper electrode. 

33. The electron-emitting device according to Claim 29, 
30 wherein said electroconductive body of the polelike 

shape is a carbon deposit. 

34. The electron-emitting device according to Claim 29. 
wherein said electroconductive body of the polelike 

35 shape is metal and carbon. 

35. The electron-emitting device according to Claim 29. 
wherein said insulating layer is an anodic oxide 
layer. 

40 

36. The electron-emitting device according to Claim 29. 
wherein said electroconductive body lies on an 
insulating layer formed on the lower electrode. 

45 37. The electron-emitting device according to either 
one of Claims 1 , 10. 18, and 29, wherein said pore 
is of a cylindrical shape having a side face parallel 
to a direction of emission of electron. 

so 38. The electron-emitting device according to either 
one of Claims 1, 10, 18, and 29 wherein said car- 
bon deposit is at least one of graphite, amorphous 
carbon, and diamondlike carbon. 

55 39. An electron source comprising a plurality of elec- 
tron-emitting devices as set forth in either one of 
Claims 1, 10, 18, and 29. 
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40. The electron source according to Claim 39, wherein 
said plurality of electron-emitting devices are 
located at intersecting points between upper wires 
electrically connected to upper electrodes and 
lower wires electrically connected to lower elec- 5 
trodes and wherein said upper wires and said lower 
wires are arranged perpendicular to each other. 

41. An image pickup device comprising the electron 
source as set forth in either one of Claims 39 and 10 
40, and a photoconductive member disposed oppo- 
site to said electron source. 

42. A display device comprising the electron source as 

set forth in either one of Claims 39 and 40, and an 15 
image forming member disposed opposite to said 
electron source. 

43. A method for producing an electron-emitting device 
comprising a lower electrode, an insulating layer 20 
having a pore, and an upper electrode stacked in 
this order on a substrate, said electron-emitting 
device having a carbon deposit in said pore, 

said method comprising: 25 
a step of forming said lower electrode of a 
metal or a semiconductor on said substrate; 
a step of forming an anodic oxide layer on a 
surface of said lower electrode; 
a step of producing said carbon deposit in the 30 
pore of said anodic oxide layer by applying a 
voltage under existence of an organic material; 
and 

a step of forming the upper electrode. 

35 

44. The method for producing the electron-emitting 
device according to Claim 43, wherein said organic 
material is a liquid. 

45. A method for producing an electron-emitting device 40 
comprising a lower electrode, an insulating layer 
having a pore, and an upper electrode stacked in 
this order on a substrate, said electron-emitting 
device having a carbon deposit in said pore, 

45 

said method comprising: 
a step of forming said lower electrode of a 
metal or a semiconductor on said substrate; 
a step of forming an anodic oxide layer in a sur- 
face of said lower electrode; so 
a step of forming said upper electrode on said 
anodic oxide layer in said lower electrode; and 
a step of producing a carbon deposit in said 
pore of said anodic oxide layer by applying a 
voltage to said upper electrode and said lower 55 
electrode, under existence of an organic mate- 
rial. 



46. The method for producing the electron-emitting 
device according to Claim 45, wherein said organic 
material is a gas. 

47. The method for producing the electron-emitting 
device according to either one of Claims 43 and 45, 
wherein said voltage is a pulse-shaped voltage. 

48. The method for producing the electron-emitting 
device according to either one of Claims 43 and 45, 
wherein on the occasion of applying said voltage, 
said lower electrode is kept at a higher potential. 

49. The method for producing the electron-emitting 
device according to either one of Claims 43 and 45. 
wherein on the occasion of applying said voltage, a 
higher potential and a lower potential are alter- 
nately applied to said lower electrode. 

50. The method for producing the electron-emitting 
device according to either one of Claims 43 and 45, 
wherein said carbon deposit is at least one of 
graphite, amorphous carbon, and diamondlike car- 
bon. 
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